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Abstract  

One impact of climate change is the rapid warming of the Arctic, resulting in the thawing 
of permafrost and associated processes like thermokarst. This leads to the development 
of thermokarst features, like thermokarst lakes, thermokarst lagoons, and drained 
thermokarst lake basins. Since permafrost is one of the largest climate sensitive carbon 
reservoirs of the world, its thaw can possibly lead to the release of substantial amounts of 
greenhouse gases, thus further exacerbating climate warming. To predict future impacts 
of permafrost thaw it is of interest to understand how the characteristics of the soils change 
with a changing permafrost landscape. 
The aim of this master thesis is the comparison of different landscape features in a dynamic 
coastal thermokarst landscape, focusing on three main objectives: (1) the quantification 
and characterization of organic carbon, (2) the sedimentological and depositional 
characterization, and (3) the quantification of the mercury content in the profiles. The 
analysis involves six cores, ranging from 12 to 219 cm in length, from six different 
landscape units within a land-sea transect in Alaska. A multi-proxy approach, including a 
hydrochemical, a geochronological, a sedimentological, a biogeochemical, and a bio-
marker analysis was used to analyse the samples in the laboratory. The results show 
variations in the total organic carbon (TOC) content within the profiles and across the 
different landforms. The highest TOC contents were measured in the sediments of the 
drained thermokarst lake basin and the thermokarst lake. Sites influenced by saltwater 
have significantly lower TOC contents than the sites not influenced by saltwater, with the 
semi-drained lagoon and the marine deposits showing the lowest TOC contents. The 
biomarker analysis indicates a higher level of organic matter degradation in saltwater 
influenced soil profiles and fresh undegraded organic matter in the thermokarst lake and 
drained thermokarst lake basin deposits. Moreover, it shows a varying degree of aquatic 
influence on the source of organic matter in the deposits of the different landscape units. 
Additionally, the biomarker indices (average chain length, Paq, Pwax) reveal significant 
differences between the saltwater influenced deposits and the deposits not influenced by 
saltwater, as well as between the unfrozen and frozen profiles. The sedimentological and 
depositional characterization shows different characteristics of the grain size distribution 
across the different soil profiles, with coarser grain sizes in the upland permafrost deposits 
and finer lacustrine deposits in the thermokarst deposits. The analysis of the profile of the 
semi-drained lagoon shows deposits similar to upland permafrost samples in the deeper 
layers and to thermokarst deposits in the upper layer. The quantification of mercury in the 
soil samples shows higher contents in the thermokarst deposits compared to the upland 
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permafrost profile, with the highest mean mercury content in the thermokarst lake 

deposits, indicating an increased accumulation of mercury with higher input of organic 

matter and with permafrost thaw.  
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Zusammenfassung  

Eine Folge des Klimawandels ist die starke Erwärmung der Arktis, die zu tauenden 
Permafrostböden und zu einem verstärkten Auftreten von damit verbundenen Prozessen 
wie Thermokarst führt. Dadurch kommt es zu einer Ausbreitung von Thermokarst-
Landschaften, die unter anderem aus Thermokarst-Seen, Thermokarst-Lagunen und 
drainierte Thermokarst-See-Becken bestehen. Permafrostböden sind einer der größten, 
klimasensitiven Kohlenstoffspeicher der Erde, wodurch das Tauen dieser Böden potenziell 
zur Freisetzung erheblicher Mengen an Treibhausgasen führen kann, was den Klimawandel 
weiter verstärken würde. Um zukünftige Auswirkungen von großflächigem Permafrost-Tau 
einschätzen zu können, ist es von großem Interesse zu verstehen, wie sich die Eigen-
schaften der Böden mit den Veränderungen der Permafrost-Landschaften verändern.  
Das Ziel dieser Masterarbeit ist der Vergleich verschiedener Landschaftseinheiten in einer 
dynamischen, von Thermokarst beeinflussten Küstenlandschaft. Der Fokus liegt dabei auf 
den drei folgenden Zielen: (1) die Quantifizierung und Charakterisierung des organischen 
Kohlenstoffs, (2) die sedimentologische Charakterisierung und (3) die Quantifizierung des 
Quecksilbergehalts in den Bodenprofilen. Die Analyse umfasst insgesamt sechs 
Bodenprofile (Kerne) mit einer Länge zwischen 12 und 219 cm, aus sechs verschiedenen 
Landschaftseinheiten innerhalb eines Land-Meer-Transekts in Alaska. Zur Analyse der 
Proben im Labor wurde ein Multiproxy-Ansatz gewählt, der eine hydrochemische, eine 
geochronologische, eine sedimentologische, eine biogeochemische und eine Biomarker-
Analyse umfasste. Die Ergebnisse zeigen, dass der Gehalt an organischem Kohlenstoff 
(TOC) innerhalb der Bodenprofile und zwischen den verschiedenen Landschaftsformen 
variiert. Die höchsten TOC-Gehalte wurden in den Sedimenten des drainierten Thermo-
karst-See-Beckens und des Thermokarst-Sees gemessen. Die salzwasserbeeinflussten 
Standorte wiesen niedrigere TOC-Gehalte auf als die nicht salzwasserbeeinflussten 
Standorte, wobei die niedrigsten TOC-Gehalte in den Ablagerungen der halbdrainierten 
Lagune und der marinen Probe gemessen wurden. Die Biomarker-Analyse deutet auf ein 
höheres Degradationslevel der organischen Substanz in den salzwasserbeeinflussten 
Bodenprofilen hin. Dagegen wiesen die entsprechenden Indizes auf frische organische 
Substanz in den Ablagerungen des Thermokarst-Sees und des drainierten Seebeckens 
hin. Darüber hinaus zeigte sich ein unterschiedlicher Grad an aquatischem Einfluss auf den 
Ursprung des organischen Materials in den Ablagerungen der verschiedenen Landschafts-
einheiten. Die entsprechenden Biomarker Indizes (Durchschnittliche Kohlenstoff-Ketten-
länge, Paq, Pwax) zeigen außerdem signifikante Unterschiede zwischen den salzwasser-
beeinflussten und nicht salzwasserbeeinflussten Ablagerungen, sowie zwischen den 
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ungefrorenen und den gefrorenen Profilen. Die sedimentologische Charakterisierung zeigt 

unterschiedliche Merkmale der Korngößenverteilung in den verschiedenen Bodenprofilen, 

mit gröberem Material in den Permafrost-Ablagerungen und feinerem Material in den 

Thermokarst-Ablagerungen. Das Profil der halbdrainierten Lagune weist Ablagerungen auf, 

die in den unteren Schichten denen der Permafrost-Ablagerungen und in den oberen 

Schichten denen der Thermokarst-Ablagerungen ähneln. Die Quantifizierung von Queck-

silber in den Bodenproben zeigt höhere Werte in den Thermokarst-Ablagerungen im Ver-

gleich zum Permafrost-Profil, mit den höchsten Quecksilbergehalten in den Thermokarst-

See Ablagerungen, was auf eine verstärkte Akkumulation mit höherem Eintrag von 

organischem Material und durch das Auftauen von Permafrost hinweist.  
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1. Introduction  

1.1. Scientific Relevance of Permafrost  

Climate change represents one of the most pressing global environmental challenges of 
our time. Especially the Arctic regions are currently changing rapidly, since they experience 
among the highest rates of impacts from climate change (IPCC, 2019; IPCC, 2022). 
Surface air temperatures in the Arctic increased double to four times the rate the global 
mean air temperature did over the last decades, a phenomenon referred to as Arctic 
amplification (Cohen et al., 2020; Rantanen et al., 2022; Richter-Menge et al., 2017). The 

local drivers of this amplification include the decrease of sea ice and snow cover, resulting 
in a decreased albedo, and a shift of cloudiness over the Arctic (Richter-Menge et al., 
2017). Moreover, there are remote drivers which contribute to the amplification, including 
an increased total water vapor in the Arctic atmosphere, due to an increased 
evapotranspiration and atmospheric moisture transport from the mid-latitudes and tropics, 
and accelerated heat from the atmosphere and the ocean (Cohen et al., 2020). As a result, 
surface temperatures in the Arctic during the winters in 2016 and 2018 were 6 °C above 
the average temperatures between 1981-2010 (IPCC, 2019).  
One impact as well as a reinforcing mechanism of this warming is the thaw of permafrost, 
which underlies large areas of the Arctic (IPCC, 2022). In some locations a total increase 
of 2-3 °C in the last 30 years was found within 10-20 m soil depth (IPCC, 2019). Permafrost 
has been identified as a large reservoir of organic carbon and with climate change a major 
vulnerable carbon source in the earth system (Jones et al., 2012). It is estimated that soils 
in permafrost regions store approximately 1400-1600 Gt carbon, which is about twice as 
much currently present in the atmosphere (Schuur & Mack, 2018). As permafrost thaws 
the soils can turn from a carbon sink to a carbon source (Schuur et al., 2009). With 
increased temperatures there is an acceleration of microbial activity and thus an increased 
decomposition of organic carbon in the deposits, leading to the release of greenhouse 
gases in form of carbon dioxide and methane to the atmosphere, and thus further 
exacerbating climate change (Miner et al., 2022). Another consequence of permafrost thaw 
is the change of the landscape, for example due to melting ground ice causing surface 
subsidence and the development of thermokarst features (Grosse et al., 2013). Around 
20 % of the permafrost regions are affected by thermokarst processes, including 
thermokarst lakes and drained lake basins (Grosse et al., 2013; Olefeldt et al., 2016). In a 
coastal environment an increased coastal and riverbank erosion, sea level rise, higher 
water temperatures, and a reduced sea ice cover can lead to the flooding of thermokarst 
lakes and drained thermokarst lake basins by ocean water and the formation of 
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thermokarst lagoons (Jenrich et al., 2021; Schirrmeister et al., 2018). They add another 

complex setting of biogeochemical and hydrochemical processes in the transitional stage 

between terrestrial and marine environments, to the already diverse thermokarst 

landscapes (Schirrmeister et al., 2018). Moreover, permafrost thaw can possibly lead to 

the release and relocation of mercury (Hg). Permafrost soils sequestered Hg bound in 

organic matter over centuries, and it is estimated that the amount of Hg retained in 

permafrost regions is twice as high as in all other soils, the atmosphere, and the ocean 

combined (Schuster et al., 2018). Therefore, Hg is a notable environmental concern in the 

Arctic region for both humans and wildlife, as elevated exposure can impact human health 

and have negative effects on the ecosystems (Rydberg et al., 2010; Smith-Downey et al., 

2010). 
 

1.2. Research Objectives  

This study, framed within the context of these climatic and environmental transformations, 

aims to assess the biogeochemical characteristics of different thermokarst features within 

a dynamic coastal thermokarst landscape. I focused on comprehending the transitional 

dynamics between terrestrial and marine permafrost and thermokarst, particularly 

concerning the influence of factors such as the inundation of seawater on soil properties. 

The detailed objectives of this master thesis are as follows:  

 

(1) Quantification and Characterization of Organic Carbon: This objective seeks to 

determine the quantity, quality, and source of the organic carbon within the 

sediments. It aims to address the questions:  

(I) How much organic carbon is stored in the different landscape units compared 

to one another?  

(II) What are the primary sources of the organic carbon, and how do they differ 

across the landscape units? 

(III) What is the potential quality of the organic carbon, and can distinctions in the 

levels of organic carbon degradation within the sample sites of the transect be 

identified? 

(2) Sedimentological and Depositional Characterization: This objective aims to 

provide a sedimentological description of the six soil profiles, addressing the 

question:  
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(I) What are the predominant depositional processes characterizing the different 

landscape features, and where do similarities and differences in these 

processes across the landscape units exist?  

(3) Quantifying Mercury Content: This objective focusses on the quantification of the 

mercury content in the soil profiles and addresses the following questions: 

(I) Are there differences in the mercury content among the soil profiles studied? 

(II) Is there a correlation between permafrost degradation and the accumulation of 

mercury within the soil profiles?  
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2. Scientific Background  

2.1. Periglacial Environments and Permafrost 

Periglacial environments are unique and dynamic regions, characterized by cold, non-
glacial climates and influenced by intensive frost action and freeze-thaw processes 
(French, 2007). The Pleistocene, the most recent geological epoch that experienced 
multiple glacial cycles, is the period during which most of the glacial and periglacial 
landforms and sediments found today were formed. However, the ongoing warming of the 
climate throughout the Holocene has led to a reduction in these environments, resulting in 
a smaller periglacial area compared to the past (Hughes, 2013). 
Presently, periglacial environments cover approximately 20 % of the Earth’s land area 
(French, 2011). They are primarily located in high latitudes of the northern hemisphere, 
including northern deserts, high Arctic semi deserts, tundra zones and northern regions of 
boreal forests. Additionally periglacial features can be found on mountainous regions, ice 
free areas of Antarctica and on some oceanic islands in high latitudes (French, 2011). The 
characteristics of periglacial environments and their associated land features are linked to 
the abundance of ice and snow, encompassing processes such as freezing, including frost 
action, frost heaving or frost cracking, as well as thawing processes leading among others 
to thermal erosion, and repetitive freeze-thaw processes which can result for example in 
solifluction (Dixon, 2013). The mean annual temperature of periglacial areas must remain 
below 3 °C, although the ground temperature holds greater significance for the landscape 
dynamics than the air temperature (French, 2011). Periglacial environments typically 
include two components of the cryosphere, namely snow or sea ice and frozen ground, 
and thus is often underlain by permafrost (French, 2007; Murton, 2021) 
Permafrost refers to any ground with temperatures that remain at or below 0 °C for two or 
more consecutive years (van Everdingen, 1998). Being strictly defined by temperature, not 
aggregate state, permafrost does not necessarily imply frozen ground, because the 
freezing point can be decreased for example due to salt enriched porewater. This is likely 
in coastal regions, like the study area. 
Permafrost underlies extensive areas with an estimated coverage of approximately 15 % 
of the northern hemisphere (Obu et al., 2019). It can be categorized into various types, 
including terrestrial, submarine and mountain permafrost, each exhibiting distinctive 
characteristics (Schirrmeister et al., 2011b). As illustrated in figure 2.1 four different 
permafrost zones are defined (Obu et al., 2019). The first zone is continuous permafrost, 
referring to regions where more than 90 % of the area is underlain by permafrost (van 
Everdingen, 1998). Continuous permafrost is most prevalent in high latitudes in Alaska, 
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Siberia, and Canada, as shown in figure 2.1. The second zone is discontinuous permafrost, 

which encompasses regions that are 50-90 % underlain by permafrost. The third zone is 

sporadic permafrost, assigned to areas with 10-50 % permafrost coverage. The fourth 

zone represents isolated patches of permafrost, referring to areas where permafrost 

occurs but underlies less than 10 % of the region, surrounded by unfrozen ground (van 

Everdingen, 1998). Generally, there is a decrease in the spatial extent of permafrost with 

decreasing latitude, without distinct boundaries separating the different permafrost zones.  

 

 

 

The vertical extent and the growth of permafrost is influenced by both air temperature from 

above and the geothermal gradient from below. Its extent can range from several 

centimetres to 1500 meters (Schirrmeister et al., 2011b). Due to the cold continental 

climate and a low earth interior heat flux, the thickest permafrost layers are found in Siberia. 

Additionally, the horizontal extent of continuous permafrost towards lower latitudes is 

largest in Siberia, as depicted in figure 2.1. 

Permafrost ground can be vertically divided into different layers. The uppermost layer is 

the active layer, which experiences seasonal temperature changes, thawing during 

summer and refreezing during winter (French, 2011). The vertical extend of the active layer 

Figure 2.1: Permafrost distribution in the northern hemisphere (Obu et al., 2019) 
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varies with a decrease of latitude between several decimetres to more than two meters 
(Schirrmeister et al., 2011b). Below the active layer is the permafrost zone. Within this zone 
unfrozen areas called taliks, may occur. Taliks often develop beneath waterbodies but can 
also be enclosed by Permafrost (Schirrmeister et al., 2011b). Moreover, the lateral intrusion 
of saltwater to thermokarst features in coastal regions can create marine cryopegs, cryotic 
layers of unfrozen ground, in which freezing is prevented by a decreased freezing point 
due to high salt contents (Angelopoulos et al., 2021; Gilichinsky et al., 2005). 
Permafrost is characterized by the presence of ground ice in various forms and sizes. It 
can appear as microscopic inclusions, but also as large masses with a size up to 50 m 
(Jorgenson et al., 2011). In northern Alaska mainly two forms of ground ice exist: (1) porous 
and segregated ice forming the cryostructure of the soil and (2) massive ground ice bodies, 
including ice wedges, thermokarst-cave ice, and ice cores of pingos (Jorgenson et al., 
2011). 

 

2.2. Permafrost Degradation, Thermokarst and Coastal Permafrost 

Landscapes  

Permafrost degradation is the result of complex interactions influenced by various 
biophysical factors, including climate, hydrology, ecology, and geology, as well as short-
term disturbances (Olefeldt et al., 2016). These interactions lead to changes of the thermal 
regime of the ground (Jorgenson et al., 2010). When the mean ground temperature 
exceeds the melting point of water, which can occur with temperatures below 0 °C, 
permafrost soils begin to thaw and undergo degradation.  

 

One of the most significant effects of permafrost degradation is the formation of 
thermokarst features (Dixon, 2013; Murton, 2021). Thermokarst refers to the process of 
ice-rich permafrost thawing, leading to land subsidence and ground sinking (Kokelj & 
Jorgenson, 2013). This process results in various characteristic landforms, including 
wetlands, lakes, pounds, and drained lake basins (Coulombe et al., 2022). During the late 
Pleistocene and throughout the Holocene, intense permafrost degradation occurred, 
leading to the formation of tens of thousands thermokarst lakes and drained lake basins in 
northern lowland permafrost regions (Grosse et al., 2013). It is estimated that 
approximately 20 % of the permafrost regions are covered by thermokarst landscapes 
today (Olefeldt et al., 2016). Geomorphic processes primarily drove this genesis of 
thermokarst and its features in the past. However, in recent decades, anthropogenic 
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influences, and disturbances such as global warming, wildfires, and animal activities have 
increasingly affect the process (Shur & Jorgenson, 2007; Murton, 2021).  

As mentioned earlier, permafrost degradation and the development of thermokarst often 
involve the formation of thermokarst lakes (Grosse et al., 2013). These lakes occupy 
depressions in the ground formed by the thawing of ice-rich permafrost and the melting of 
massive ground ice (van Everdingen, 1998). Typically, thermokarst lakes are shallow and 
change and evolve over time. During this evolution, the lake undergoes various stages. In 
the first stage a talik forms beneath the lake. This body of unfrozen ground can lead to 
further thawing of the permafrost surrounding the lake, increased ground subsidence, and 
vertical growth of the lake (Grosse et al., 2013). When the depth of the lake exceeds the 
thickness of the winter ice cover of the lake, the thaw of permafrost around the lake and 
growth of the talik is accelerated due to water temperatures above 0 °C all year around. In 
addition to vertical growth, the lakes can also expand horizontally through thermal and 
mechanical erosion of the adjacent permafrost (Grosse et al., 2013). The final stage of the 
thermokarst lake evolution is the drainage, which typically occurs through horizontal 
outflow. It can result from different causes, as for example a changed water balance, a 
melting ice wedge network creating a drainage pathway, gully erosion toward another 
waterbody or coastal erosion (Hinkel et al., 2007; Lijedahl et al., 2016). Another possible 
drainage process is a vertical outflow of the water through an open talik, especially in 
discontinuous permafrost (Arp et al., 2011). After a drainage event, the now subaerial taliks 
refreeze. Then the drained lake basins can become vegetated again, which leads to the 
possibility of the accumulation of organic material at least on the short term and the 
formation of peat in the permafrost soils over time (Jones et al., 2012). 
 

Particularly vulnerable to permafrost degradation and thawing processes are coastal 
permafrost landscapes. This vulnerability is further accelerated by the warming of the 
Arctic Ocean, warming nearly 4 times the speed of the global average (Rantanen et al., 
2022), the reduction of sea ice cover, and longer ice-free periods, all of which contribute 
to increased erosion along the permafrost coastline (Jenrich et al., 2021). Consequently, 
thermokarst lakes in nearshore areas can evolve into thermokarst lagoons, because of the 
coastal erosion (Ruz et al., 1992).  

Thermokarst lagoons are shallow waterbodies with intermittent or permanent connections 
to the sea, but separated, at least partially, by barriers from the open ocean. They represent 
a transitional zone between marine and non-marine realms (Romanovskii et al., 2000). The 
formation and evolution of thermokarst lagoons along Arctic coasts is a dynamic process, 
influenced by local conditions and geography, but following several general stages. 
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Initially, there is a nearshore thermokarst freshwater lake on land. Ongoing coastal erosion 
causes the coastline to migrate inland, therefore the lake becomes situated closer to the 
sea and eventually entering the flooding area. Subsequently, the initial thermokarst lake 
becomes intersected and breached by the advancing sea. This leads to the formation of 
an intermittent or permanent connection between the lake and the ocean, for example 
through a drainage channel. In case multiple lagoons and lakes become interconnected 
through horizontal erosion and drainage channels, lagoon systems develop. Over time, 
continuing coastal erosion strengthens the connection of Arctic lagoons to the ocean, 
potentially leading to a complete inclusion of the lagoon, due to incorporation.  

The intrusion of marine waters into the lagoons implements high concentrations of ions, 
among other sulfates, creating a salt gradient across several meters of sediment in the 
originally freshwater environments (Yang et al., 2023). As a result, microbial processes, 
carbon cycling, and overall ecosystem dynamics undergo changes compared to the initial 
state as a thermokarst lake. Depending on their connection with the sea, Arctic 
thermokarst lagoons can experience high seasonal fluctuations in temperature and salinity 
over the course of a year (Harris et al., 2017). During winter, when both the ocean and 
lagoons are covered by ice for 8-9 month, hyper-saline conditions can develop. In contrast, 
during the 3-4 month open water period, the lagoons experience a notable decrease in 
salinity due to an intense freshwater discharge form rivers and melting sea ice (Harris et 
al., 2017).  

 

2.3. Carbon Accumulation in Permafrost Soils  

Permafrost is recognized today as one of the largest climate-sensitive carbon reservoirs 
on Earth. The characteristic low temperatures and poor drainage of permafrost soils result 
in minimal microbial activity and consequently reduced decomposition rates of organic 
material (Hugelius et al., 2014). This kind of environment allowed for long-term accumu-
lation of organic material and carbon within the permafrost over thousands of years 
(Strauss et al., 2021). As shown in figure 2.2 it is estimated that soils in permafrost regions 
store approximately 1400-1600 Gt soil organic carbon (SOC), which is around twice the 
amount currently present in the atmosphere (Schuur & Mack, 2018). Although northern 
areas account for only 15 % of the global soil area, they contain between 42-50 % of the 
global SOC (Schuur et al., 2015). Moreover, Miesner et al. (2023) recently quantified an 
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additional carbon pool of 2822 Gt in subsea 
permafrost, making the permafrost domain 
the largest terrestrial carbon pool on the 
planet.   

As permafrost thaws, the stored organic 
material becomes available for microbial 
decomposition, thereby the accumulated 
organic carbon gets reintroduced into the 
recent carbon cycle, primarily in form of 
carbon dioxide (CO2) and Methane (CH4) 
(Strauss et al., 2017). The global increase in 
permafrost thaw due to climate warming 
leads to increased greenhouse gas fluxes 
from permafrost soils to the atmosphere, 

consequently exacerbating climate warming and initiating a positive feedback loop 
(Hugelius et al., 2014).  

Greenhouse gas emissions resulting from thawing permafrost vary depending on whether 
aerobic or anaerobic conditions are predominate in the soils (Schuur et al., 2015). Under 
aerobic conditions, typically found in upland permafrost and drained thermokarst lake 
basins, the main greenhouse gas released is CO2. Whereas under anaerobic conditions, 
developing in water-saturated soils such as those beneath thermokarst lakes and 
wetlands, microbial decomposition leads to the release of both CO2 and CH4 (Schuur et 
al., 2015). 

When studying carbon distribution and cycles within permafrost landscapes, particular 
attention should be given to thermokarst landscapes, such as the study area around the 
Teshekpuk Lake in northern Alaska, since these regions are estimated to store 
approximately 50 % of the total SOC within permafrost, while covering 20 % of the 
northern permafrost regions (Olefeldt et al., 2016).  

 

3. Study Area – Teshekpuk Lake Region 

The research area of this study is located in the Arctic coastal plain of northern Alaska, 
north of the Teshekpuk Lake, as a part of the National Petroleum Reserve (figure 3.1). 
Bordered in the north by the Beaufort Sea, the region is characterized by a high abundance 
of thermokarst lakes, with the Teshekpuk Lake being the world’s largest thermokarst lake, 
and equally numerous drained lake basins (Arp et al., 2011). The surrounding area, 

Figure 2.2: Terrestrial and atmospheric carbon stocks 
[Gt] (Strauss et al., 2021) 
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including the northern coast, represents one of the largest contiguous wetland complexes 

in the Arctic. The formation and preservation of these wetlands is mainly due to the 

comprehensive presence of continuous permafrost beneath the ground surface in the area 

(Jorgenson et al., 2011).  

 

 

 

The northern coastal plain of Alaska is characterized by a predominantly flat terrain with a 

gentle slope towards the northern coast (Moore et al., 1994). The area is underlain by the 

Colville basin, a foreland basin of the Cretaceous and the Tertiary age (Moore et al., 1994).  

 

The region in which the coastal plain is located is the North Slope, an area framed by the 

Brooks Range in the south and the Beaufort Sea in the north. The region encompasses 

diverse geological deposits including deposits originated in the North American craton, 

passive margin sediments, rift sediments, pelagic sediments, volcaniclastics and deposits 

from the foreland basin (Jorgenson et al., 2011). 

Deposits in the study area consist of glacio-marine silt, marine sand, alluvial sand, and silt 

and eolian sand from the Holocene and mid-Quaternary epochs (Jorgenson & Grunblatt, 

2013). The landscape is continuously transformed by thawing permafrost and melting 

ground ice, resulting in ground subsidence, the formation of new thermokarst lake basins, 
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Figure 3.1: Map of the study sites  
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lake drainage, and coastal erosion leading to the formation of lagoons and embayments 
(Jorgenson & Shur, 2007).  
 

The climate of the region is cold and arid, with long winters lasting 8-9 months, persistent 
winds and mean annual temperature around -12 °C (Jorgenson et al., 2011). Despite the 
low mean annual precipitation of approximately 115 mm per year, which would make the 
area a desert, a productive wetland can be found, since the presence of continuous 
permafrost prevents subsurface drainage of the water and thereby shapes the hydrological 
conditions of the area (Jorgenson et al., 2011, Wendler et al., 2014). The highest monthly 
precipitation occurs in August and a seasonal snow cover persists from September/ 
October to May/June (Jorgenson et al., 2011).  

 

The soil composition in the area is intrinsically tied to the presence of permafrost, with an 
interplay of low temperatures, impeded drainage, freeze-thaw dynamics, cryoturbation, 
and ground ice aggregation, collectively shaping its characteristic. Moreover, the region’s 
high wetland productivity leads to the accumulation and sequestration of organic carbon 
in the soil (Jorgenson et al., 2011).  

 

The study area exhibits a very diverse range of Flora and Fauna. It is covered by a mosaic 
of vegetation types, affected, and shaped by lacustrine processes, basin drainage, ice 
aggregation, fluvial processes, salinisation, and marine processes (Jorgenson et al., 2011). 
Vegetation types that can be found in the study area include coastal Barrens, lowland and 
coastal Wet Sedge Meadows, coastal Grass and Shrub Tundra, lowland moist Sedge 
Shrub Tundra and patches of upland Dryas Dwarf Shrub Tundra, as well as riverine Wet 
Sedge Tundra (Jorgenson & Heiner, 2003). Plant species that can be found are for example 
Alaska cotton gras [Eriophorum angustifolium], oval leaf willow [Salix ovalivolia] and tealeaf 
willow [Salix pulchra]. Large animals that occur at the coast of northern Alaska and 
therefore characterize it are for example Caribous, Wolves, Polar bears as well as many 
migratory birds (Pearce et al., 2018).  

 

4. Methods  

This study involved fieldwork, a laboratory analysis, and a statistical analysis, which are 
further explained in the following chapters. In total six sediment cores from a land-to-sea 
transect located in northern Alaska, from upland permafrost, a thermokarst lake, a drained 
lake basin, a semi-drained lagoon, an intact lagoon, and a marine setting were analysed.
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4.1. Fieldwork  

The fieldwork was performed during the expedition Perma-X Lagoon Alaska 2022 to the 

Teshekpuk Lake Area in Alaska in April 2022. The expedition was joined by members of 

the University of Alaska Fairbanks and of the Alfred Wegener Institute [AWI] in Potsdam. 

For this master project six cores, that were drilled during the expedition, were chosen, 

located in a transect from the inland to the coast (figure 3.1). All chosen sample sites have 

different landscape features of coastal thermokarst landscapes (table 4.1).  

 

Table 4.1: Characteristics of the study sites, core length, coordinates, and number of samples  

 

Core ID Landscape Core length Coordinates Number of Samples 

TES22-UPL1-02 Upland permafrost ground, frozen 203 cm 
70.8851416667° N, 

153.708283333° W 
11 

 

TES22-TKL1-02 

 

Thermokarst lake, unfrozen 

 

50 cm 

 

70.8361944444° N, 
153.662805556° W 

 

7 

 

TES22-DLB1-01 

 

Drained thermokarst lake basin, frozen 

 

219 cm 

 

70.854375° N, 
153.663944444° W 

 

13 

 

TES22-LAG1-01 

 

Semi-drained lagoon basin, frozen 

 

183 cm 

 

70.8709944444° N, 
153.664761111° W 

 

14 

 

TES22-LAG2-01 

 

Lagoon [outside the transect], unfrozen 

 

31 cm 

 

70.8776° N,  

153.5088° W 

 

2 

 

TES22-MAR1-02 

 

Marine ground, unfrozen 

 

12 cm 

 

70.8855861111° N, 

153.663691667° W 

 

1 

Total Sample size 

 
   

48 

In total three of the cores were unfrozen and the other three were frozen.  

The three unfrozen cores were sampled using a Push Corer [Ø 6 cm]. Their length varied 

between 12-50 cm. The cores were stored in plastic tubes and maintained at a cool 

temperature of approximately 4 °C during the transport and until further analysis at AWI 

Potsdam.  
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The three frozen cores were drilled using a SIPRE Corer [Ø 7,6 cm]. These frozen cores 

were all around 200+-20 cm long. The cores were transported in shorter segments of 

approximately 50 cm and placed in core foil. The soil remained frozen during the drilling 

process and the cores were kept frozen during the transport and the storage at AWI 

Potsdam until further analysis.  

 

4.2. Laboratory Analysis 

 

To achieve the abovementioned aims of this mater thesis, a multi-proxy approach was 

used, encompassing a hydrochemical, a geochronological, a sedimentological, a biogeo-

Figure 4.1: Impressions of the fieldwork during the expedition Perma-X Lagoon Alaska, April 2022; images from Maren 

Jenrich. 

Figure 4.2: Flowchart of the laboratory analysis of the cores; red framed boxes represent data output. 
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chemical, and a lipid-biomarker analysis. In Figure 4.1 a flowchart with the workflow of all 
the used laboratory methods is shown. 
  
4.2.1. Core Subsampling  

The three frozen cores were subsampled in the AWI Climate Chamber, where temperatures 
were maintained at around -8 °C. Initially, each core was cut lengthwise into two halves 
using a Makita Band Saw. After that, both halves were cleaned at the artificially thawed 
edges caused by the sawing, photographed, and sedimentologically and cryolithologically 
described.  

While one of the halves was put back into a narrow plastic bag and kept as an archive 
sample for potential further work, the other half was subsampled. To ensure 
comprehensive coverage of all features and stratigraphical layers within the core, 
subsamples for sedimentological and biogeochemical analysis were taken at intervals of 
5-10 cm. Depending on the visible ice content, the length of the sample pieces varied 
between 2-12 cm. The subsamples were collected in small whirl packs and maintained in 
a frozen state until further analysis.  

For the biomarker analysis a subset of at least three samples of each core, in the upper, 
middle, and lower part of the cores, were taken (two middle-part-samples of the drained 

thermokarst lake (DLB) core). The biomarker samples were stored in clean, combusted 
glass containers until further analysis.  

In case of the unfrozen cores, the plastic tubes containing the soil were sawed into halves, 
and the sediment was cut with a nylon string. The halves were than cleaned at the edges, 
photographed, and sedimentologically described. One of the core halves was kept as an 
archive sample, except for the marine core, which was completely subsampled due to its 
short length.  

The selection and further processing of the subsamples of the unfrozen cores was the 
same as for the frozen cores. However, due to their short length, only one biomarker 
sample was taken from the marine core, and two samples from the other two cores. All 
subsamples were frozen and stored in a frozen state until further analysis.  

 

4.2.2. Hydrochemical Porewater Analysis 

A hydrochemical analysis of the porewaters was performed using the uppermost 
sample of each core in case of the unfrozen cores, while for the frozen cores, samples 
from the top, middle and bottom sections were selected.  
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This part of the analysis can for example provide relevant information about the origin 
and flow direction of the porewater. Measured parameters of this analysis were the 
electric conductivity, pH-values, content of anions, and dissolved organic carbon 
(DOC).  
 

4.2.2.1. Porewater Extraction 

The selected samples were thawed at room temperature overnight, to prepare them for 
the porewater extraction. The porewater was taken the next day, using Rhizons 
(RHIZONS MOM 5 and 10 cm, Rhizospheres Research Products). Therefore, the 
Rhizons were inserted into the soil samples and a vacuum was created using plastic 
syringes. The extracted water was than distributed into different vials for the different 
hydrochemical measurements.  

 

4.2.2.2. pH Value and Electrical Conductivity  

The measurement of pH values and electrical conductivity (EC) of the soil samples can 
provide key information about the chemical and physical properties of the soil. While 
the pH affects the nutrient availability and microbial activity, the EC as a measure of 
soil salinity can indicate the presence of contaminations and can provide information 
on the degree of marine influence on the particular sample site and soil depth (Alam et 
al., 2020).  

The pH value and EC were measured one day after the pore water extraction with a 
WTW Multilab 540 using 4 ml of porewater.  

  

4.2.2.3. Anions 

The concentration of anions in the porewater can provide different information, like the 
availability and mobility of nutrients, as well as a potential risk of anion accumulation 
leading to soil degradation. In this study, the chloride and sulfate concentrations are of 
particular interest, as they provide information on the degree of acidification and 
salinization and can thus indicate the extent to which the sample sites are influenced 
by the ocean. 

For the measurement of anions 5 ml of the pore water of every sample was filled into 
an 8 ml LDPE-Bottle. Samples with a high electrical conductivity were diluted in ratio 
of 1:25, 1:50 or 1:100, where applied the higher the electrical conductivity the higher 
the dilution ratio. The Anions were measured using a Thermo ICS2100. 
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4.2.2.4. DOC Content  

For the analysis of the DOC content in the porewater 10-20 ml of each sample was filled 
into a glass vial. To preserve the samples until further analysis they were acidified with 
50 µl of 30 % hydrochloric acid (HCL) and stored at 4 °C. The measurement was carried 
out using a Shimadzu Total Organic Carbon Analyzer (TOC-VCPH). The results of three 
to five injections were used as an average to determine the total DOC content. The 

detection limit was 0.25 mg/L and the uncertainty ranged between ±10 % for measured 

values higher than 1.5 mg/L and ±15-20 % for values lower than 1.5 mg/L. 

 
4.2.3.  Sedimentological Analysis  

The sedimentological analysis was performed as a non-destructive approach and included 
the measurement of the water-/ice content, the bulk density, and the grain size.  

  

4.2.3.1. Water-/ Ice Content & Bulk Density  

To determine the ice content of the frozen samples and the water content of the unfrozen 
samples, all samples were weighed directly after subsampling. The next step was to 

freeze-dry all samples in a Zirbus Subliminator 3-4-5 at -40 °C and 0.2 bar for 48 h. For 
organic rich samples this step had to be repeated, to get the samples completely dry. The 
dried samples were weighed again, and the ice-/water content was calculated using the 
following equation (1):  

 

  

 

 

In addition to the determination of the water content, the bulk density (BD) of the soil was 
also calculated. The BD refers to the mass of soil per unit volume [g/cm3], encompassing 
both solid particles and pore spaces. It serves as an indicator of soil compaction and 
porosity.  

For the unfrozen core samples, measuring 3 cm3 in volume, the BD was calculated using 
the following equations [2a, 2b]:  

 

 

 

[1] 

[2a] 
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As the volume of the frozen samples was not measured, the BD was calculated, based on 
three assumptions. Firstly, it was assumed that samples with an ice content of ³ 20 % 
were ice saturated (Strauss et al., 2012). Secondly, the density of dry minerals was 
considered to be 2.65 g/cm3 (Rowell 1994). Lastly, the ice density at a temperature 
of -10 °C was assumed to be 0.918 g/cm3 (Harvey, 2019). By incorporating these three 
assumptions, the bulk density could be calculated using the following equations (3a, 3b, 
3c): 

  

  

 

 

4.2.3.2. Grain Size Analysis  

A grain size analysis was carried out, to provide information about the physical properties 
of the soil. This is a basis to understand soil behaviour, reconstruct and predict soil 
movement in the study area and therefor the origin of deposits, including the medium of 
transport and conditions during the deposition. 

The first step of the analysis was the preparation of the samples, by removing the 
contained organic matter. Therefore, a solution of 100 ml 3 % hydrogen peroxide [H2O2] 
and 4 ml 25 % ammonia [NH3] were added to the freeze-dried samples. They were then 
placed on a shaker for approximately four weeks to allow for thorough mixing and reaction 
of the solution with the samples. During the period of four weeks, 10 ml of 30 % H2O2 were 
added to the samples daily during weekdays, while monitoring the pH to ensure it remained 
between 6 and 8. If the pH fell outside of this range, it was adjusted accordingly with either 
ammonia or concentrated acetic acid.  

[2b] 

[3a] 

[3b] 

[3c] 
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The next step was to rinse the samples with purified water, to remove the H2O2, followed 
by centrifugation. The supernatant liquid was then decanted, and the remaining sediment 
was freeze-dried and manually homogenized. For each sample, 1 g of the homogenized 
material was placed into a plastic container, to which 0.5 g of tetra-sodium pyrophosphate 
[Na4P2O7] and 0.0001 % ammonia solution [NH3] were added to disperse the soil particles 
and prevent them from settling during the subsequent analysis. The sample container was 
then placed on a "Gerhard Laboshake overhead shaker" for 24 hours to allow for complete 
dispersion of the added solution. Each sample was than split into eight subsamples with a 
particle concentration of 5-15 % by a rotary cone sample divider. Simultaneously all 
particles > 1 mm were sieved out before analysis, weighed, and included in the results at 
the end. The grain size measurement was carried out using a Malvern Mastersizer 3000 
with a Malvern Hydro LV wet-sample dispersion Unit.  

The international ISO 14688-1:2017 scale was used for the grain size classification. The 
ranges specified there are £ 2 µm for clay, 2 µm to 63 µm for silt and 63 µm to 2 mm for 
sand (ISO 14688-1:2017, 2017). All statistics of the grain size distribution were calculated 
using the software GRADISTAT (Blott & Pye, 2001) 

 

4.2.4.  Geochronology 

A geochronological analysis was conducted, to determine the age of the soil and its 
components, since it provides information about the timing of soil formation, past 
environmental changes, influence of geological processes on soil development, and the 
reconstruction of landscape dynamics. Overall, this analysis is the basis for comprehensive 
understanding of the soil’s depositional history and its interaction with the surrounding 
environment.  

In total 10 samples were selected for the geochronological age determination. For the short 
cores obtained from the marine site and the lagoon, one sample was chosen from the 
middle section of each core. For the longer cores, two samples were selected, with one in 
the upper part and one in the lower part of each core. 

After freeze-drying all the selected samples were picked for macro-organic under the 
microscope. The samples were sent to the AWI Bremerhaven. For samples with little 
macro-organic, milled samples from the same depth were additionally sent in for a bulk 
analysis. The radiocarbon dating was performed at AWI Bremerhaven, using a Mini Carbon 

Dating System [MICADAS], a miniaturized acceleration mass spectrometer [AMS]. The 

determined radiocarbon ages were then calibrated with the IntCal13 calibration curve, using 
the CALIB 7.1 software (Reimer et al., 2013). 
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4.2.5.  Biogeochemical Analysis  

The measured parameters of the biogeochemical analysis provide information about 
organic matter and microbial activity. Due to that it is possible to trace nutrient cycles and 
changes between the different stages of landscape development in the costal thermokarst 
landscape and to reconstruct paleoenvironmental conditions and processes. 

The first step of the biogeochemical analysis was to homogenize all samples, to ensure 
that the required small amounts of samples for the analysis were representative. Therefore, 
the freeze-dried samples were milled using a planetary mill [FRITSCH pulverisette 5] for 8 
minutes at 360 rotations per minute.  

 

4.2.5.1. Total Carbon 

The amount of the total carbon (TC) and the total organic carbon (TOC) is of special interest 
and importance in permafrost soils, since they contain a vast amount of organic carbon 
that has been accumulated and stored in the soils for thousands of years. The 
measurement of total organic carbon [TOC] is a quantification of the organic compounds 
of the total carbon content [TC] in the soil samples. 

The determination was carried out using the elemental analyser ELEMENTAR soliToC 

cube, measuring TOC and total inorganic carbon (TIC). The first step for the measurement 
was the preparation of a control block, compromising two blank samples, three stainless 
steel capsules containing 20 mg CaCO3 6 %, three capsules with 50 mg IVA 2176, one 
capsule with 15 mg CaCO3 12 %, and one capsule with 100 mg EDTA (5:45). Following 
the control block the actual samples were processed in duplicate. Therefore 50 mg of each 
sample was weighed into stainless steel capsules twice. After 37 samples a second control 
block was placed into the measuring device consisting of one capsule with 15 mg CaCO3 
12 %, one capsule with 100 mg EDTA 5:45, followed by two blank samples at the end. 
Using a temperature ramping program to distinguish between TOC and TIC the device was 
heating up to 400 °C as the first temperature step and held for 230 seconds. The next 
temperature step was 600 °C, held for 120 seconds and the last temperature was 900 °C, 
held for 150 seconds.   

 

4.2.5.2. Carbon Density 

The carbon density of each sample was determined using the measured values of the bulk 
density and the TOC content. It was calculated using the following equation (4) (Strauss et 
al., 2015).  
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4.2.5.3. Total Nitrogen 

The total nitrogen (TN) content was measured using the ELEMENTAR rapid MAX N exceed. 
As for the measurement of TC, for the measurement of the TN content the preparation of 
a control block was required. It consisted of two blank samples, four samples with 50 mg 
edta 5:45, one sample of 50 mg bs 1, one sample of 50 mg bs 2, 1 sample of 50 mg iva 
2150 and one sample of 50 mg of iva 2156, all weighed into stainless steel capsules. Then 
50 mg of 37 soil samples were weighed in in duplicates, followed by another control block 
and one blank sample at the end. Depending on the measured TOC content two different 
methods were used. All samples with TC contents > 15 wt% were measured with an 
oxygen flux of 160 ml/min, whereas the samples with a TC content < 15 wt% were 
measured with an oxygen flux of 120 ml/min. The temperature maximum of the 
combustion was for both methods 900 °C.  

 

4.2.5.4. TOC/TN Ratio 

From the measured TOC and TN contents the TOC/TN ratio was calculated. This ratio 
provides information on the sources and the degradation level of the organic matter (OM) 
in the sediment, with high values indicating a higher share of terrestrial sources or well-
preserved OM and low values indicating a higher share of aquatic sources or a high level 
of degradation (Andersson et al., 2012; Meyers, 1997).  

 

4.2.5.5. Total Mercury 

The mercury content in sediments was measured to indicate for example the 
anthropogenic impact on the soils and the sampling sites.  

The measurement of the mercury content was carried out using the Direct mercury analyzer 

DMA-80 EVO. Therefore, 50 mg of every sample was weighed into stainless steel capsules 
as duplicates. The subsequent drying and thermal decomposition in the measuring device 
was carried out under an oxygen atmosphere. The first phase of the process was the 
release of mercury, along with other combustion products, followed by the elimination of 
all interfering substances by passing them through the catalyst. The mercury was then 
selectively sequestered through amalgamation. Finally, the mercury was thermally 

[4] 
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desorbed by heating of the amalgamation and quantitatively measured in multiple 
measurement cells of an optical spectrometer by the atomic absorption at 253.65 nm.  

 

4.2.5.6. Stable Carbon Isotopes 

The measurement of the d13C ratio, as a paleoenvironmental indicator, provides information 
on ancient biogeochemical processes and the degree of decomposition of OM. It is mainly 
determined by photosynthetic processes, but also by other factors like atmospheric CO2, 
temperature, and water stress (Andersson et al., 2012).  

The analysis started with the removal of carbonate from the samples. Therefor they were 
treated with 20 ml hydrogen chloride (HCL) for three hours at 97.7 °C, washed with purified 
water, filtered over a glass microfiber filter, and dried at 50 °C. To determine the required 
sample weight for the analysis 20 was divided by the TOC content [wt%]. The measurement 
was carried out using a ThermoFisher Scientific Delta-V-Advantage gas mass spectrometer 
with a FLASH elemental analyser EA 2000 and a CONFLO IV gas mixing system. The 
samples were combusted in the device at 1020 °C. During the process the organic carbon 
in the sediments converted into CO2. Subsequently, the isotope ratio [‰] was determined 

in relation to the established standard from the Vienna Pee Dee Belemnite [VPDB]. 

 

4.2.6.  Biomarker Analysis  

The identification and analysis of lipid biomarkers in the sediment samples can point out 
the original sources of the organic matter (OM), as well as the quality and level of 
degradation of the OM contained in the deposits (Schwarzbauer & Jovančićević, 2016). 

In total 15 samples were selected for the biomarker analysis. In case of the shortest core, 
the marine site, only one sample was taken. In case of the unfrozen medium length cores 
from the lagoon and the thermokarst lake two samples, one from the upper and one from 
the lower part of the core, were picked. In case of the long, frozen cores three samples, 
respectively four in case of the longest core from the drained lake basin, were taken, from 
the upper, middle, and lower sections of the cores. 

 

4.2.6.1. Measurement  

The first step of the Biomarker analysis was freeze-drying the samples using a Zirbus 
Sublimator 3-4-5 at -40 °C and 0.2 bar for 48 h. To ensure sample homogenization, the 
samples were milled using a planetary mill [FRITSCH pulverisette 5] for 8 minutes at 360 

rotations per minute.  
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Lipid biomarkers were then extracted using accelerated solvent extraction (ASE) with 
dichloromethane/methanol (DCM/MeOH 99:1). Therefor approximately 8 g of each sample 
was applied to a ThermoFisher Scientific Dionex ASE 350 and held in a static phase for 
20 min at 75.5 °C and 5 MPa. To remove the liquid residue of the solvent, a Genevac SP 

Scientific Rocket Synergy evaporator was used at 42 °C.  

For the subsequent analysis, 8 µg of internal standards were added to all samples. 
Specifically, 5a-androstane as a reference for n-alkanes in the aliphatic fraction and 5a-
androstan-17-one as a reference for n-alkanols in the neutral NSO-fraction. After 
evaporating the liquid solvent residues again, all samples were dissolved in 500 µl of 
n-hexane, and 300 µl of this solution was applied on a medium pressure liquid 
chromatograph (MPLC) (Radke et al., 1980). Within the MPLC, the components were 
separated into aliphatic, aromatic and NSO fractions. Furthermore, the NSO components 
were additionally separated into an acidic and neutral fraction by a manual column 
separation. In preparation for the measurement the neutral NSO fraction was silylated by 
adding 50 µl DCM and 50 µl N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) and 
heating it at 75 °C for one hour.  

The measurement of n-alkanes in the aliphatic fraction and n-alkanols in the neutral NSO 
fraction was performed using gas chromatography-mass spectrometry (GC-MS). The 
specific device used was the Thermo Scientific ISQ 7000 Single Quadrupole Mass 

Spectrometer with a Thermo Scientific Trace 1310 Gas Chromatograph. The MS system 
was operated with a transfer line temperature of 320 °C and an ion source temperature of 
300 °C. Ionization was achieved using an ionization energy of 70 eV at 50 µA. The full scan 
mass spectra (m/z 50 to 600 Da, 2.5scanss-1) was analysed using the software XCalibur. 
The n-alkanes and n-alkanols were quantified by comparing their peaks to the peaks of 
the applied internal standards.  

 

4.2.6.2. Biomarker Indices 

In total eight indices were calculated from the measured lipid biomarker concentrations.  

Four of these indices, calculated from the n-alkane content, provide information on 
respective sources of the organic Carbon (OC).  

The first two of them were the average chain length (ACL) of short chain n-alkanes 
(equation 6a), calculated for carbon numbers C15-21, as well as the ACL of long chain 
n-alkanes (equation 6b), calculated for n-alkanes with a carbon number interval of C23-33 

(Poynter & Eglinton, 1990; Strauss et al., 2015). The short chain odd-numbered n-alkanes 
can indicate an aquatic influence on the OC sources since they are produced by bacteria 
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and algae, whereas the long chain odd-numbered n-alkanes are mainly produced by 
terrestrial higher plants like bryophytes (n-C23 & n-C25), leaf waxes (n-C27-n-C29), and 
grasses (n-C31-n-C33) (Haugk et al., 2021; Zech et al., 2009). A change of the ACL can 
suggest a change of the OC sources and thus a change of input vegetation type (Schäfer 
et al., 2016).  

 

 

  
 

The third and fourth indices are the Paq (equation 7a) and the Pwax (equation 7b), two ratios 
that can be used as proxies for the intensity of aquatic influence on the sediments and to 
differentiate between aquatic and terrestrial plant input (Thomas et al., 2023; Zheng et al., 
2007). With the values of the Paq, developed by Ficken et al. (2000) it is possible to 
distinguish between submerged and floating macrophytes, values between 0.4 and 1, 
emergent macrophytes, values between 0.1 and 0.4, and terrestrial plants, values < 0.1, 
as a source for OC in the soil (Ficken et al., 2000). Since this proxy and its thresholds were 
developed in tropical regions, the Pwax was additionally calculated for this study, as seen 
in Jongejans et al. (2020). The Pwax, developed by Zheng et al. (2007), indicates the relative 
proportion of waxy hydrocarbons from emergent macrophytes and terrestrial plants to total 
hydrocarbons (Zheng et al. 2007).  

 

  
 

 
 

The following four indices are used to provide information on the level of degradation of 
the OC in the soils.  

[6a] 

[6b] 

[7a] 

[7b] 
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The first three indices calculated in this category are the Carbon preference index (CPI) for 
short chain n-alkanes (CPI-alk-short), the CPI for long chain n-alkanes (CPI-alk-long), and 
the CPI for n-alkanols (CPI-alc). The CPI was introduced by Bray and Evans (1961). As a 
measure of alteration of OC, values of the CPI decrease with the degradation of OC in the 
soil (Marzi et al., 1993; Strauss et al., 2015). The calculation in this study was carried out 
using the equation introduced by Marzi et al. (1993) with a revised chain length interval of 
C15-21 (equation 8a) for the short chain n-alkanes, an interval of C23-33 (equation 8b) for the 
long chain n-alkanes, and a chain length interval of C22-32 for n-alkanols (equation 8c). 

 

  

 

  

 

The fourth index as a measure of extend of degradation of OC, introduced by Poynter 
(1989), is the higher plant index (HPA). As a basis of this index, it is assumed that the input 
ratio of n-alkanols and n-alkanes into a sedimentary environment is constant. Therefore, 
the ratio should depend on the extent of degradation, and since the n-alkanols are 
preferentially degraded over the n-alkanes the ratio decreases with ongoing degradation 
(Poynter & Eglinton, 1990). The index was calculated using the following equation (9) 
(Poynter & Eglinton, 1990). 

 

  

 

 

 

[8a] 

[8b] 

[8c] 

[9] 
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4.3. Statistical Analysis  

The statistical analysis of the data included the creation of a correlation matrix, a cluster 
analysis, as well as the analysis of the central tendencies of the different measured 
parameters. The implementation of these analyses is further explained in the following 
chapters.  

 

4.3.1. Correlation Matrix  

To test the data for existing correlations between the different measured parameters, two 
correlation matrices were created in R, using the packages “readxl” and “corrplot” 
(Appendix R-script A.1). The calculation of the correlation was carried out after Pearson. 
The finished plots of the correlation matrices only show correlations with a significance 
p < 0.05. In the first correlation matrix sedimentological and biogeochemical parameters 
were included. Due to the smaller sample size in the biomarker analysis a separate 
correlation matrix was created, which next to the biomarker indices also included mercury 

and d13C, since these were the only parameters correlating significantly with the biomarker 

indices.  

 

4.3.2. Cluster analysis  

To test the data for existing structures an interdependency analysis in the form of a 
k-means cluster analysis was carried out. The parameters included in the analysis were 

mean grain size, dry bulk density, absolute water content, TOC, TN, TOC/TN ratio, d13C, 

mercury, and TOCvol. For the implementation of the cluster analysis R was used. The 
packages included in the analysis were “readxl”, “tidyverse”, “cluster”, “factoextra”, 
“broom”, and “ggplot2” (Appendix R-script A.2). The method chosen to create the distance 
matrix, as the base of the cluster analysis, was the Euclidean distance. The first step of the 
k-means clustering was the specification of the number of clusters (k), which was set to 
four. The algorithm then chose randomly k objects to be the initial centres of the clusters. 

All observations were than assigned to the closest centroid, according to the calculated 
Euclidean distance and for each cluster the centroid is continuously updated by calculating 
the new mean of the datapoints in the cluster. The algorithm reported the best out of 25 
initial configurations.   
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4.3.3. Central Tendency Analysis 

The statistical tests to compare the different sites regarding their central tendencies of the 
different biogeochemical parameters was only applied to the SDLAG, TKL, DLB and UPL 

cores, since the LAG and MAR cores had a to small sample size for the statical analysis. 
After testing and disproving a normal distribution of the data, the nonparametric Kruskal-

Wallis rank sum test was chosen to compare the data of the four different sites. For an 
additional pair-wise comparison of cores the Mann-Whitney-Wilcoxon test was used. In 

addition, it was tested, if there are statistically significant differences between deposits that 
are influenced by saltwater (MAR, LAG, SDLAG) and deposits that are not influenced by 

saltwater (DLB, TKL, UPL) and the frozen (SDLAG, DLB, UPL) and unfrozen (MAR, LAG, 

TKL) cores, using the Mann-Whitney-Wilcoxon test. All tests of the central tendency 
analysis were carried out using R (Appendix R-script A.3). 

 

5. Results  

In the following chapter the results of the laboratory and statistical analysis are presented. 

It starts with the description of the cores, continuing with the results of the hydrochemical 

analysis, and the sedimentological analysis. It is followed by the results of the 

biogeochemical analysis and the biomarker analysis and ends with the last sub-chapter 

describing the results of the statistical analysis.  

 

5.1. Core Description  

In the following the cores will be described from the bottom to the top. The measurement 

of the depth below surface was started at the sediment surface for all cores, ignoring the 

water, ice, or snow cover at the different sites. There were three frozen and three unfrozen 

cores varying in their length between 12 cm and 219 cm (figure 5.1).  

 

5.1.1. Unfrozen Cores  

All three unfrozen cores are brown to dark brown in colour along their entire length and 

have an overall high share of silt.  

The sample site of the marine core [TES22-MAR1-02], located at 70.8856° N, 153.6637° W, 

was covered by a 9 cm wide layer of snow, 165 cm of ice and 12 cm of water. The core 

has a total length of 12 cm. It has a high proportion of sand in the sediment and a thin 

organic band between 6 and 5.5 cm below surface level (b.s.l.).  
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The sample site of the core of the intact Lagoon sediment [TES22-LAG2-01], is located at 

70.8776° N, 153.5088° W and was covered by a 112 cm wide layer of ice. The core is over 

its length of 31 cm only divided into two layers. The first one between 31 and 8 cm b.s.l. is 

brown coloured with visible macro-organic and different coloured inclusions. The upper 

layer between 8 and 0 cm b.s.l. has the same colour as the deeper layer, contains clayey 

silt with less visible macro-organic.  

The core from the sediment beneath the thermokarst lake [TES22-TKL1-02] is with 54 cm 

the longest of the three unfrozen cores. It was sampled at 70.8362° N, 153.6628° W and 

the soil was covered by 29 cm of snow, 140 cm of ice and 80 cm of free water. It has a 

high silt and clay proportion and organic material in all layers. Moreover, there are peat 

inclusions between 50 and 28 cm b.s.l..  

 

5.1.2. Frozen Cores  

The frozen cores are longer than the unfrozen cores and have a more greyish colouring 

overall.  

The sample site of the core of the semi-drained Lagoon basin [TES22-LAG1-01] is located 

at 70.8710° N, 153.6648° W and was covered with 27 cm of snow and 43 cm of ice. In 

total the core is 183 cm long. The deepest layers between 183 and 110.5 cm b.s.l. all 

consist of silt in different shades of grey and they all contain mussel shells. The ice content 

decreases upwards and there are oxidation spots, especially in the deeper layers. An 

undulated transition to the next upper layer suggests cryoturbation processes. The 

connecting layer between 110.5 and 97 cm b.s.l. of yellowish grey fine sand has ice veins 

and an organic inclusion between 103.5 and 102 cm b.s.l.. Between 97 and 77 cm b.s.l. 

connects an organic-rich blackish grey silt with fine sand and a few ice veins and above a 

yellowish grey sandy silt with no cryostructure or macro-organic. It is followed by a section 

of silty sediments changing from light grey to grey and yellowish grey with decreasing 

depth. All three layers have yellow oxidation spots and a networked ice structure. Between 

63.5 and 46.5 cm b.s.l. mussel shells are visible. To it connects a dark grey, ice-poor clayey 

band with no cryostructure and above a 3 cm thick ice-rich organic band with structureless 

ice lenses. The upper part of the core is a 4 cm wide layer of light grey, ice-rich silt, passing 

on into a transition layer of sediment to ice. 

The core from below the drained thermokarst lake basin [TES22-DLB1-01] is 219 cm long. 

The sample site was covered with 36 cm of snow and is located at 70.8544° N, 

153.6639° W. The deepest layer, between 219 and 208 cm b.s.l. consists of grey silt with 

oxidation veins, is moderately ice-rich, containing ice lenses with a thickness up to 8 mm. 
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It is followed by a cryoturbated section of grey silt with a coarse ice structure and ice lenses 

with a thickness up to 2 cm mixed with material from the layer above. Above, between 198 

and 191 cm b.s.l. is a layer of brown/grey silt with little ice and no visible cryostructure, but 

visible macro-organic. It connects to two layers of grey silt, decreasingly ice-rich between 

191 and 161 cm b.s.l., with ice lenses up to 1 cm thickness, orange oxidation spots and 

veins, and sporadic macro-organic, followed by an orangish grey, ice-rich layer of silt with 

orange oxidation spots and vertical ice lenses. Between 139 and 23 cm b.s.l. layers of silt 

follow. They change colour and ice content from grey and very ice rich in the deeper parts 

to yellowish grey and moderately ice rich in the upper 7 cm. There are yellow and orange 

oxidation spots throughout all these layers. The cryostructure consists mainly of ice lenses 

with a thickness between 3 mm and 1 cm and there is a peat-inclusions between 68 and 

56 cm b.s.l.. Between 23 and 21 cm b.s.l. is a layer of dark brown peat with few macro-

organic and only a moderate ice content. Above are ice-rich layers of hazelnut brown peat 

in different decomposition states interrupted by a greyish dark brown sediment inclusion 

between 20 and 17 cm b.s.l.. The most upper layer is a 1.5 cm wide, greenish, ice-rich 

layer of moss. 

The third frozen core, from the permafrost upland [TES22-UPL1-02], located at 

70.8851° N, 153.7083° W, has a total length of 203 cm. The three deepest layers, between 

203 and 62 cm b.s.l., all consists out of grey silt. There is a decreasing ice content, starting 

at approximately 90 % in the deepest layer, and the cryostructure changes from a 

networked cryostructure to horizontal ice lenses. In the two deepest layers sporadic 

macro-organic is visible and there are peat inclusions between 168 and 166 cm b.s.l. and 

107.5 and 105 cm b.s.l. and in the layer above between 90 and 78 cm b.s.l.. Above 

connects a 12 cm thick layer of brownish dark grey silt. It is ice-poor, with few ice lenses 

in the direction of the silt layer. The section has visible macro-organic and organic 

inclusions. The upper three layers, starting at a depth of 50 cm b.s.l., consist of orange-

grey silt. There is no visible cryostructure in the deeper part, but the ice content increases 

upwards, so the most upper layer, between 14 and 0 cm b.s.l., is the most ice-rich, 

including horizontal ice lenses. There is also an increase in oxidation between 50 and 24 

cm b.s.l., turning over into a decrease from 24 cm b.s.l. to the soil surface. 
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Figure 5.1: Stratigraphic core description for the UPL, TKL, DLB, SDLAG, LAG, and MAR profiles. Samples marked as points (unfrozen sediments) 
and Triangles (frozen sediments). 
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5.2. Hydrochemistry 

 

5.2.1. Hydrochemistry - Upland Permafrost (UPL)  

The pH profile within the upland-core (UPL), shows distinct variations. In total three 
porewater samples of this core were analysed. The deepest sample, from a mean depth 
of 195 cm b.s.l., has a pH of 7.25, which is increasing to 7.32 in the sample from a mean 
depth of 56 cm b.s.l., and decreasing to the topsoil to a pH value of 6.44 (figure 5.2). 
Throughout the entire length of the core the electric conductivity (EC) remains low. The 
porewater of the deepest sample has an EC of 1156 µS/cm. This value is decreasing 
towards the topsoil reaching an EC of 311 µS/cm (figure 5.2). The determination of 
dissolved organic carbon (DOC) was limited to porewater from two samples: the deepest 
sample, from 195 cm b.s.l. mean depth, and the topsoil from a mean depth of 7 cm b.s.l.. 
The deep sample has a DOC content of 228 mg/L, representing a higher concentration 
compared to the topsoil sample, with a decreased DOC content of 72.3 mg/L (figure 5.2). 

 

5.2.2. Hydrochemistry - Thermokarst Lake (TKL)  

Only one porewater sample from the thermokarst lake (TKL) deposits, from a mean depth 
of 6 cm b.s.l., was analysed. The sampled porewater has a pH value of 7.45 (figure 5.2). 

Figure 5.2: Summary of the hydrochemical parameters pH, electrical conductivity (EC), and dissolved 
organic carbon (DOC) for the UPL, TKL, DLB, SDLAG, LAG, and MAR profiles.  
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The EC is with 832 µS/cm low (figure 5.2). The DOC content could not be measured due 
to a shortage of porewater. 

 

5.2.3. Hydrochemistry - Drained Lake Basin (DLB) 

In total three samples were analysed from the core of the drained lake basin (DLB). The pH 
values in the deeper samples, at mean depths of 215 cm b.s.l. and 60.5 cm b.s.l. are with 
6.61 and 6.99 relatively similar, but it decreases in the topsoil sample, at a mean depth of 
6.75 cm b.s.l., and reaches an alkaline pH value of 4.52 (figure 5.2). As for the other non-
marine influenced cores the EC is low over the entire length of the core. Starting by 
333 µS/cm in the deepest sample, increasing to 672 µS/cm in the middle section and 
decreasing in the topsoil sample to 261.5 µS/cm (figure 5.2). The DOC content of the DLB 
core decreases throughout the length of the core. A high content of 378 mg/L was 
measured in the porewaters of the deepest sample, decreasing to 187 mg/L in the middle 
part and reaching 52.3 mg/L in the porewater of the topsoil (figure 5.2).  

 

5.2.4. Hydrochemistry - Semi-drained Lagoon (SDLAG) 

From the core of the semi-drained lagoon (SDLAG) in total three samples were analysed 
in the porewater analysis. The deepest sample, from a mean depth of 179 cm b.s.l., has a 
pH value of 7.58. It decreases in the sample of the middle part of the core to a pH value of 
5.94 and increases again in the sample of the top of the core, from a mean depth of 7.75 
cm b.s.l., to a pH of 7.49 (figure 5.2). The EC is lowest in the deepest sample with 
17.85 mS/cm, increases to 61.6 mS/cm at a mean depth of 87 cm b.s.l. and decreases in 
the upper soil to 39 mS/cm (figure 5.2). The only DOC content measured, from a mean 
depth of 7.75 cm b.s.l., is 80.8 mg/L (figure 5.2). 

 

5.2.5. Hydrochemistry - Intact Lagoon (LAG) 

One porewater sample of the intact lagoon (LAG) was hydrochemically analysed. The 
porewater of the sediment from a mean depth of 5 cm b.s.l. has a pH value of 7.64 (figure 
5.2). The EC is 54.6 mS/cm and DOC could not be measured due to a shortage of 
porewater from the sample (figure 5.2).  
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5.2.6. Hydrochemistry - Marine (MAR) 

As for the other unfrozen cores only one porewater sample was analysed from the marine 
core (MAR) from a mean depth of 6.25 cm b.s.l.. The measured pH value is 7.67, the EC is 
39.5 mS/cm, and the DOC content is 19.2 mg/L (figure 5.2).  

 

5.3. Sedimentology  

 

5.3.1. Sedimentology - Upland Permafrost (UPL)  

The upland permafrost core is generally dominated by silt, with a percentage share varying 
between 63.48 % and 77.5 % (figure 5.3). Except for the sample at 126 cm b.s.l. mean 
depth, clay has the smallest share of sediments in the samples.  
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Figure 5.3: Soil triangle showing the grainsize distribution of the UPL, TKL, DLB, SDLAG, LAG, and MAR profiles, 
with circles for unfrozen sediments and triangles for frozen sediments and a colour gradient over depth. 
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The mean grain size ranges between 6.5 µm at 126 cm b.s.l. and 21.73 µm at 7 cm b.s.l. 

(table 5.1). It decreases between the deepest sample at 195 cm b.s.l. and the sample at 

126 cm b.s.l. and then increases to the uppermost sample, intermitted by the sample at 

56 cm b.s.l. mean depth in which the mean grain size decreases compared to the deeper 

sample (figure 5.6).  

The ice content of the UPL samples has strong variations, ranging between 20.75 wt% at 

a mean depth of 47.5 cm b.s.l. and 67.34 wt% at a mean depth of 149.5 cm b.s.l. (table 

5.2). The mean ice content of the core is 46.10 wt% (table 5.2). It is higher in the deeper 

samples, between 195 and 56 cm b.s.l. mean depth, being ³ 52.89 wt% and lower in the 

upper samples, between 47.5 and 7 cm b.s.l. mean depth, staying £ 37.5 wt%. 

 

 

 

The dry bulk density is being lowest in the sample at 149.5 cm b.s.l. with 0.38 g/cm3 and 

highest at 47.5 cm b.s.l. with 1.51 g/cm3 (table 5.3). It has only little variation between 

samples taken between 201 and 50 cm b.s.l., ranging between 0.38 g/cm3 and 0.59 g/cm3 

(figure 5.6). In the upper samples of the core the dry bulk density stays between 1.51 g/cm3 

and 1.03 g/cm3 (figure 5.6). The mean dry bulk density of the UPL core is 0.83 g/cm3 (table 

5.3). 

 

 

 

Figure 5.4: Grainsize distribution over depth in a 3D view (upper row) and in a flat view (lower row) of the UPL, TKL 
and DLB profiles (from left to right). 
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Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 21.73 9.93 6.74 45.87 6.78 33.31 

minimum 6.5 5.22 5.7 5.00 6.02 N/A 

mean 15.01 6.56 6.26 14.8 N/A N/A 

median 14.3 5.75 6.38 6.88 N/A N/A 

 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 67.34 51.93 95.24 53.41 41.25 19.62 

minimum 20.75 37.96 27.93 3.41 36.99 N/A 

mean 46.10 42.70 59.63 23.39 N/A N/A 

median 54.96 42.06 60.81 22.94 N/A N/A 

 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 1.51 1.06 1.25 1.53 0.98 1.69 

minimum 0.38 0.71 0.05 0.61 N/A 1.36 

mean 0.83 N/A 0.54 1.23 N/A N/A 

median 0.59 N/A 0.48 1.32 N/A N/A 

 

5.3.2. Sedimentology - Thermokarst Lake (TKL)  

The sediment samples of the thermokarst lake are dominated by silt, with a share ranging 

between 73.55 % and 80.37 % (figure 5.3). There is only a very small share of sand in all 

samples, varying between 2.7 % and 6 % (figure 5.3). The grain size distribution is relatively 

homogenous over the length of the core with a slight shift towards coarser deposits 

between 10 and 16 cm b.s.l. (figure 5.4). The mean grain size in the samples varies between 

9.93 µm at 13 cm b.s.l. and 5.22 µm at 25.5 cm b.s.l. (table 5.1). The mean grain size of all 

samples of the TKL core is 6.56 µm (table 5.1).  

The mean absolute water content of all TKL samples is 42.7 wt% (table 5.2). It varies 

between 37.96 wt% in the deepest sample at a mean depth of 45.25 cm b.s.l. and 

51.93 wt% in the uppermost sample at 6 cm b.s.l. (table 5.2).  

The bulk density was measured in two depths, at 3 cm b.s.l. and 49 cm b.s.l.. The deeper 

sample has a bulk density of 1.06 g/cm3. It decreases in the upper sample to 0.71 g/cm3 

(figure 5.6). 

Table 5.1: Statistical parameter mean grain size [µm].  

Table 5.2: Statistical parameter absolute water/ice content [wt%].  

Table 5.3: Statistical parameter dry bulk density [g/cm3].  
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5.3.3. Sedimentology - Drained Lake Basin (DLB) 

The grain size analysis (gsa) of the drained thermokarst lake basin started at a mean depth 

of 28.5 cm b.s.l., since the upper two samples had too much organic material to perform 

the gsa. The highest share of sediments has silt, ranging between 73.31 % and 79.91 % 

and the smallest share has sand, ranging between 6.7 % and 2.3 % (figure 5.3). The mean 

grain size of all the samples of the core is 6.26 µm (table 5.1). As shown in figure 5.4 the 

grain size distribution has only very little variation throughout the core, with mean grain 

sizes varying between 5.7 µm at a mean depth of 193 cm b.s.l. and 6.74 µm at a mean 

depth of 76 cm b.s.l. (table 5.1).  

The absolute ice content in the samples shows strong variations between a maximum of 

95.24 wt% in the uppermost sample at a mean depth of 6.75 cm b.s.l. and a minimum of 

27.93 wt% in the sample from the mean depth of 28.5 cm b.s.l. (table 5.2). It has less 

variation in the samples taken between 215 and 42.5 cm b.s.l., varying between 43.71 wt% 

and 68.25 wt%. In total the DLB core has a high mean absolute ice content of 59.63 wt% 

(table 5.2).  

The dry bulk density is high in the samples from 215 cm b.s.l. mean depth with 0.82 g/cm3, 

from 157 cm b.s.l. mean depth with 0.73 g/cm3, and from 28.5 cm b.s.l. mean depth with 

1.25 g/cm3 (figure 5.6). It is lowest in the two uppermost samples with 0.05 g/cm3 and 

0.25 g/cm3, as well as at 117 cm b.s.l. mean depth with 0.37 g/cm3, and 76 cm b.s.l. mean 

depth with 0.39 g/cm3 (figure 5.6). The mean dry bulk density of the sample of the DLB 

core is 0.54 g/cm3 (table 5.3).  

 

5.3.4. Sedimentology - Semi-drained Lagoon (SDLAG) 

As shown in figure 5.5 the grain size distribution of the semi drained lagoon has a shift 

from higher shares of larger grainsizes in the deeper part of the core, up to 100 cm b.s.l., 

to smaller grain sizes in the upper part. Moreover, the samples taken between 181 and 

103 cm b.s.l. are not clearly dominated by one soil type (figure 5.3). Except for one sample 

from 103 cm b.s.l. mean depth, silt has the highest share of sediment, varying between 

57.35 % and 66.86 % (figure 5.3). The other soil type with a high share in those samples 

is sand, ranging between 24.2 % and 33.1 % (figure 5.3). The sample from 103 cm b.s.l. 

mean depth is the only sample of the core in which sand has with 53.6 % the highest share 

of sediments, followed by silt with 41.39 % (figure 5.3). Samples from the upper 90 cm of 

the core are clearly dominated by silt, having shares ranging between 73.22 % and 

87.72 % (figure 5.3). In these samples, clay makes up the second largest share and sand 

the smallest. The mean grain size of all samples of the core is 14.8 µm, it varies between 
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5.0 µm at a mean depth of 1.5 cm b.s.l. and 45.87 µm at a mean depth of 103 cm b.s.l. 
(table 5.1).  

The absolute ice content has strong variations, between 3.41 wt% at 36.5 cm b.s.l. mean 
depth and 53.41 wt% at 7.75 cm b.s.l. mean depth (table 5.2). The mean absolute ice 
content of all samples of SDLAG is 23.39 wt% (table 5.2).  

The dry bulk density was only calculated for 9 out of 14 samples, since the ice content 

does not meet the requirement of the calculation to be ³ 20 wt% in 5 samples. There is 

only little variation in the bulk density, except for the uppermost sample at 7.75 cm b.s.l. 
mean depth with 0.61 g/cm3 (figure 5.6). The dry bulk density for the rest of the samples 
varies between 1.06 g/cm3 and 1.53 g/cm3 (figure 5.6).  

 

 

5.3.5. Sedimentology - Intact Lagoon (LAG) 

Only two samples of the lagoon core, from 5 and 27 cm b.s.l. mean depth, were 
sedimentologically analysed. As shown in figure 5.5 both samples are similar in their grain 
size distribution, with silt having the highest share of sediments in both samples (figure 
5.3). The mean grain size is 6.02 µm in the deeper sample and 6.78 µm in the higher sample 
(table 5.1).  

Figure 5.5: Grainsize distribution over depth in a 3D view (upper row) and in a flat view (lower row) of the SDLAG, 
and LAG profiles (from left to right). 
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The absolute water content is with 36.99 wt% lower in the deeper sample than in the upper 
sample with 41.25 wt% (table 5.2).  

The dry bulk density, measured in one sample at 8.25 cm b.s.l. mean depth, is 0.98 g/cm3 
(table 5.3).  

 

5.3.6. Sedimentology - Marine (MAR) 

Due to the short length of the marine core only one sample of the marine core was 
sedimentologically analysed from a mean depth of 6.25 cm b.s.l.. Sand has with 58.5% 
the highest share of the sediments, followed by silt with 34.42%, and clay with 7.13% 
(figure 5.3). The mean grain size is 33.31 µm (table 5.1).  

The measured absolute water content of the sample is 19.62 wt% (table 5.2).  

The bulk density, measured within two samples, is 1.69 g/cm3 in the deeper sample at 
9.5 cm b.s.l. and 1.36 g/cm3 at 1 cm b.s.l. mean depth (table 5.3). 

 

5.4. Biogeochemistry 

The results of the biogeochemical analysis include the TOC content [wt%], the calculated 

TOC density [kgTOCm-3], the TN content [wt%], the TOC/TN ration, the d13C ratio [‰ vs. 

VPDB], the measured mercury content [µg/kg], and the results of the radiocarbon dating 
[cal yr BP].  

 

5.4.1. Biogeochemistry - Upland Permafrost (UPL)  

The TOC content in the upland permafrost core has the strongest variation between 100 
and 40 cm b.s.l. (figure 5.6). It starts with 1.26 wt% in the deepest sample and stays below 
2.5 wt% to a depth of 100 cm b.s.l. (figure 5.6). It fluctuates in the next upper centimetres 
and reaches a peak of 20.42 wt% at a depth of 56 cm b.s.l. (figure 5.6). After the peak the 
TOC content decreases rapidly towards the top of the soil and stays between 3.3 wt% and 
2.5 wt% in the upper 30 cm of the core (figure 5.6). The mean TOC content of the core is 
4.66 wt% (table 5.4).   

The TOC density follows the same trend as the TOC content with a stronger decrease 
between the samples in 23 cm b.s.l. and the top sample in a depth of 7 cm b.s.l. (figure 
5.6). The range of the TOC density is 6.79 kgTOCm-3 to 119.67 kgTOCm-3 (table 5.5).  

The TN content of the UPL core also follows a similar pattern as the TOC content, varying 
between < 0.1 wt% and 1.2 wt% (figure 5.6).  
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The TOC/TN ratio is with 11.4 low in the deepest sample and has a peak of 30.64 just 
above at a depth of 173.5 cm b.s.l. (figure 5.6). Above 125 cm b.s.l. there is only little 
variation in the ratio, varying between 16.8 and 21.4 (figure 5.6). 

The d13C ratio continuously decreases from the deepest sample towards the upper soil 

(figure 5.6). There is a stronger decrease from 195 to 150 cm b.s.l. and between 55 and 
30 cm b.s.l. (figure 5.6). The values vary in a range between -26.1 ‰ vs. VPDB 
and -29.03 ‰ vs. VPDB, with a mean of -27.75 ‰ vs. VPDB (table 5.8).  

The mercury content is lower in the deeper samples between 195 and 76 cm b.s.l. mean 
depth, ranging between 25.9 µg/kg and 36.34 µg/kg, and higher in the upper samples, 
ranging between 66.24 µg/kg and 48.51 µg/kg (figure 5.6). The mean mercury content of 
all samples is 40.16 µg/kg (table 5.9).  

The radiocarbon dating was carried out for two samples of the core. At a mean depth of 
195 cm b.s.l. an age of 9000 cal yr BP was determined. The deposits of the upper sample, 
from a mean depth of 22.5 cm b.s.l., are classified as recent.   

 

 

 

 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 20.42 6.23 37.62 4.62 4.68 1.3 

minimum 1.26 4.63 2.94 0.72 4.09 N/A 

mean 4.66 5.37 7.57 2.37 N/A N/A 

median 3.20 5.31 3.26 2.79 N/A N/A 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 119.67 62.01 51.88 49.87 45.70 19.83 

minimum 6.79 33.02 11.48 9.2 39.99 N/A 

mean 36.66 46.31 25.06 26.36 N/A N/A 

median 26.38 44.46 16.97 21.34 N/A N/A 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 1.2 0.42 0.99 0.33 0.36 < 0.1 

minimum < 0.1 0.34 0.22 < 0.1 0.31 N/A 

mean 0.29 0.37 0.36 0.25 N/A N/A 

median 0.17 0.37 0.25 0.26 N/A N/A 

Table 5.4: Statistical parameter TOC content [wt%].  

Table 5.5: Statistical parameter TOC density [kgTOCm-3].  

Table 5.6: Statistical parameter TN content [wt%].  
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Figure 5.6: Summary of the biogeochemical parameters of the UPL, TKL, DLB, SDLAG, LAG, and MAR profiles, 
with circles for unfrozen sediments and triangles for frozen sediments. 
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5.4.2. Biogeochemistry - Thermokarst Lake (TKL)  

The TOC content of the core of the thermokarst lake sediment shows an alternation of 
decreasing and increasing values over the whole length of the core (figure 5.6), but within 
a small range between 4.63 wt% and 6.23 wt% and a mean of 5.37 wt% (table 5.4).  

The highest TOC density is 62.01 kgTOCm-3 in the sample of a depth of 37.5 cm b.s.l. (table 
5.5). The lowest TOC densities have the two samples from the top, at 13 cm b.s.l. and 
6 cm b.s.l., containing 33.02 kgTOCm-3 and 37.18 kgTOCm-3 (figure 5.6).  

The general pattern of the TN content follows the pattern of the TOC content and ranges 
between 0.34 wt% and 0.42 wt% (table 5.6).  

The same applies to the TOC/TN ratio following the trend of the TOC and the TN content, 
but only varying in the small range between 13.73 and 15.14 (table 5.7).  

d13C was only measured between 13 and 37.5 cm b.s.l.. This parameter also shows only 

little variation, with values varying between -28.09 ‰ vs. VPDB and -28.46 ‰ vs. VPDB 
and a mean of -28.22 ‰ vs. VPDB (table 5.8). 

The TKL samples have a high mercury content with only little variation (figure 5.6). The 
minimum concentration of 64.1 µg/kg was measured at a mean depth of 13 cm b.s.l. and 
the maximum concentration of 77.85 µg/kg was measured in the uppermost sample at 
6 cm b.s.l. mean depth. The mean mercury content of the TKL core is 70.74 µg/kg (table  

5.9).  

The radiocarbon determination was carried out for two samples relatively close to each 
other at mean depths of 37.5 cm b.s.l. and 13 cm b.s.l., resulting in similar ages of 
4240 cal yr BP and 4600 cal yr BP.  

 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum 30.64 15.14 58.46 21.18 13.14 25.93 

minimum 11.42 13.73 11.72 10.73 13.1 N/A 

mean 18.45 14.39 17.5 15.23 N/A N/A 

median 17.54 14.28 13.95 14.26 N/A N/A 

Statistical 
Parameter  UPL TKL DLB SDLAG LAG MAR 

maximum -26.1 -28.09 -27.1 -25.32 -27.63 -26.21 

minimum -29.03 -28.46 -28.11 -28.34 -27.76 N/A 

mean -27.75 -28.22 -27.52 -26.91 N/A N/A 

median -27.58 -28.21 -27.44 -27.39 N/A N/A 

Table 5.7: Statistical parameter TOC/TN ratio.  

Table 5.8: Statistical parameter d13C [‰ vs. VPDB].  
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5.4.3. Biogeochemistry - Drained Lake Basin (DLB) 

The soil core of the drained thermokarst lake basin has a wide range of the TOC content, 
with values varying between 2.94 wt% and 37.62 wt% (table 5.4). After the deepest sample 
at 215 cm b.s.l., with a TOC content of 5.36 wt%, the TOC content decreases and stays 
between 2.94 wt% and 3.5 wt% between 193 and 25 cm b.s.l., with an outlier at a depth 
of 60.5 cm b.s.l. where it increases to 8.38 wt% (figure 5.6). High TOC contents of 
37.62 wt% and 18.71 wt% were measured in the upper 20 cm of the soil (figure 5.6).  

The TOC density follows in the deeper layers the same trend as the TOC content (figure 
5.6). There is a decrease from 43.84 kgTOCm-3 to 21.37 kgTOCm-3 between 215 and 
193 cm b.s.l. (figure 5.6). It is followed by the part with only little variation, between 
21.37 kgTOCm-3 and 11.99 kgTOCm-3, with the outlier at a depth of 60.5 cm b.s.l. where TOC 
density reaches 51.88 kgTOCm-3 (figure 5.6). In contrast to the TOC content is there an 
increase of the TOC density in the sample from a depth of 28.5 to 18.5 cm b.s.l. to values 
of 39.42 kgTOCm-3 and 45.88 kgTOCm-3 followed by a decrease in the uppermost sample to 
16.97 kgTOCm-3 (figure 5.6). 

The same is true for the TN content, following the pattern of the TOC content, with the 
difference that it decreases in the uppermost sample, at a mean depth of 6.75 cm b.s.l. 
(figure 5.6). The range is between 0.22 wt% and 0.99 wt%, with a mean of 0.36 wt% (table 
5.6).  

The TOC/TN ratio also follows the pattern of the TOC content, but stays in a relatively 
narrow range, between 11.72 and 18.92, except for the uppermost sample were the ratio 
strongly increases to 58.46 (figure 5.6).  

The d13C values decrease slightly in the deepest 70 cm from -28.11 ‰ vs. VPDB 

to -27.24 ‰ vs. VPDB (figure 5.6). In the following 140 cm is only little variation with values 
staying between -27.73 ‰ vs. VPDB and -27.10 ‰ vs. VPDB and a slight decrease in the 
shallowest sample to -28.01 ‰ vs. VPDB (figure 5.6).  

The DLB core has a very high maximum concentration of mercury of 103.55 µg/kg at 
18.5 cm b.s.l. mean depth and a minimum concentration of 48.78 µg/kg in the uppermost 

Statistical 
Parameter  

UPL TKL DLB SDLAG LAG MAR 

maximum 66.24 77.85 103.55 102.17 70.67 30.68 

minimum 25.9 64.1 48.78 15.57 66.63 N/A 

mean 40.16 70.74 69.87 52.18 N/A N/A 

median 36.34 70.63 68.9 61.14 N/A N/A 

Table 5.9: Statistical parameter Mercury [µg/kg].  
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sample at 6.75 cm b.s.l. mean depth (table 5.9). The mercury content in the samples below 
shows only little variations ranging between 63.87 µg/kg and 72.14 µg/kg (figure 5.6). The 
mean mercury concentration of the DLB deposits is 69.87 µg/kg (table 5.9). 

The determined age of the deposits from mean depth of 193 cm b.s.l. is 645 cal yr BP and 
at a mean depth of 21.5 cm b.s.l. the deposits are classified as recent.  

 

5.4.4. Biogeochemistry - Semi-drained Lagoon (SDLAG) 

The TOC content in the core of the semi-drained lagoon is low with only little variation, 
between 1.35 wt% and 0.74 wt%, in the deepest 70 cm of the core (figure 5.6). Between 
a depth of 100 and 50 cm b.s.l. it shows more variation ranging between 0.72 wt% and 
3.56 wt% (figure 5.6). The upper 50 cm of the core shows a generally higher TOC content 
than the deeper layers with values ranging from 3.03 wt% to 4.62 wt% (figure 5.6). The 
calculated mean TOC content in the core is 2.37 wt% (table 5.4).  

The TOC density in the core follows the same pattern as the TOC content, but with the 
difference that it continuously decreases in the upper 30 cm, from 49.87 kgTOCm-3 to 
21.34 kgTOCm-3 (figure 5.6). Over the complete length of the core values vary between 
9.2 kgTOCm-3 and 49.87 kgTOCm-3 with a mean TOC density of 26.36 kgTOCm-3 (table 5.5).   

The TN content is in 6 out of the 15 samples lower than 0.1 wt%. In general, the 
progression over the length of the core is the same as for the TOC content, with the narrow 
range of < 0.1 wt% to 0.33 wt% (table 5.6).  

Following a TOC/ TN ratio of 12.24 in the deepest sample, at a depth of 179 cm b.s.l., the 
ratio increases and stays between 19.73 and 21.18 in the 50 cm above (figure 5.6). In the 
next upper layer, it decreases again, varying between 12.7 and 14.72, until the uppermost 
sample for which the lowest value of 10.73 was calculated.  

The d13C ratio also shows a strong increase between the deepest sample and the one 

above from -28.24 ‰ vs. VPDB to -25.32 ‰ vs. VPDB (figure 5.6). In the further course of 
the core it continuously decreases, with slight deviations into the other direction, until it 
reaches -27.79 ‰ vs. VPDB in the uppermost sample.  

The mercury content in the SDLAG samples has strong variations ranging between 
19.6 µg/kg at a mean depth of 159.5 cm b.s.l. and 102.17 µg/kg at a mean depth of 
26.5 cm b.s.l. (figure 5.6). The mean mercury content of all SDLAG samples is 52.18 µg/kg 
(table 5.9).  

The radiocarbon determination of the SDLAG deposits resulted in an age determination of 
41962 cal yr BP at a mean depth of 179 cm b.s.l. and a classification as recent for deposits 
of a mean depth of 16 cm b.s.l..  
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5.4.5. Biogeochemistry - Intact Lagoon (LAG) 

The TOC content decreased from the deeper sample, at a mean depth of 27 cm b.s.l. to 
the upper sample at a mean depth of 5 cm b.s.l., from 4.68 wt% to 4.09 wt%. TOC density 
and TN content follow the same pattern as the TOC content, with the density decreasing 
from 45.7 kgTOCm-3 to 39.99 kgTOCm-3 and the TN decreasing from 0.36 wt% to 0.31 wt% 
(figure 5.6). The TOC/TN ratio is very slightly increasing from the deeper sample to the top, 

from 13.1 to 13.14 (figure 5.6). Same accounts for d13C ratio, changing 

from -27.76 ‰ vs. VPDB to -27.63 ‰ vs. VPDB in the upper sample. Mercury concen-
tration is higher in the deeper sampler with 70.67 µg/kg and decreases in the upper sample 
to 66.63 µg/kg. The deposits of the LAG core at a mean depth of 11.25 cm b.s.l., have a 
determined age of 2410 cal yr BP.  

 

5.4.6. Biogeochemistry - Marine (MAR) 

The TOC content of the marine sample, from a mean depth of 6.25 cm b.s.l., is with 
1.3 wt% rather low (figure 5.6). Same applies to the TOC density of 19.83 kgTOCm-3, the TN 
content of < 0.1 wt%, and the mercury concentration of 30.68 µg/kg (figure 5.6). In contrast 

the TOC/TN ratio of 25.93, as well as the d13C value of -26.21 ‰ vs. VPDB are relatively 

high compared to samples of the other cores from a similar depth (figure 5.6). The 
radiocarbon determination was carried out with a sample from a mean depth of 6 cm b.s.l. 
and resulted in an age of 16061 cal yr BP. 

 

5.5. Biomarker Analysis  

Due to the small data set of 15 samples in total for the biomarker analysis, the following 
chapter is not divided into sub-chapters describing the individual cores, but the results of 
all cores are described together.  

The highest total concentration of n-alkanes is 1090.31 µg/gTOC and was measured in the 

deepest analysed sample of the drained thermokarst lake basin (DLB) at a depth of 
208 cm b.s.l. (figure 5.9). The lowest concentration of n-alkanes of 61.89 µg/gTOC was 
measured in the marine (MAR) sample at a depth of 6.25 cm b.s.l. (figure 5.9). For the 
samples of the lagoon (LAG), the thermokarst lake (TKL), and the DLB a decreasing trend 
of total n-alkane concentration from the deepest to the uppermost sample is visible (figure 

5.9). The semi-drained lagoon (SDLAG) and the upland permafrost (UPL) core have higher 
concentrations in the deeper samples than in the upper ones (figure 5.9).  
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5.5.1. Average Chain Length  

All values for the average chain length for short chain n-alkanes (ACL-short) across the 

cores, are in a very narrow range (figure 5.7). The highest value for the index has the deep 

sample of the LAG core with 20.11 and the lowest value of 19.49 was calculated for the 

deepest UPL sample, in a mean depth of 165.5 cm b.s.l. (figure 5.7). Also, within the 

individual cores, there is not much variation (figure 5.7). 

The average chain lengths of long chain n-alkanes (ACL-long) are highest in the three 

samples of the UPL core, with the highest value of 28.73 in the sample from the middle 

part (figure 5.7). Lowest values have the LAG and the MAR samples, with the lowest at a 

depth of 6.25 cm b.s.l. from the MAR core with 26.2 (figure 5.7). All cores with more than 

one sample show a decrease of the ACL-long from the samples taken between 100 and 

25 cm b.s.l., to the samples in the uppermost 10 cm b.s.l. (figure 5.7).  

 

 

5.5.2. Paq & Pwax 

As shown in figure 5.8 the highest Paq values were measured in the MAR sample and the 

uppermost DLB sample, both having a Paq of 0.66. The MAR sample also has the lowest 

Figure 5.7: Average chain length of n-alkanes short (C15-C21) and long (C23-C33) of the UPL, TKL, DLB, SDLAG, LAG, 
and MAR profiles, with circles for unfrozen sediments and triangles for frozen sediments. 
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Pwax of 0.52 indicating an aquatic influence (figure 5.8). Also, the uppermost DLB sample 
shows a relatively low Pwax of 0.56 (figure 5.8). Other samples with high Paq and low Pwax are 
both LAG samples, with a Paq between 0.61 and 0.64 and a Pwax between 0.54 and 0.55, 
and the uppermost SDLAG sample with a Paq of 0.62 and a Pwax of 0.53 (figure 5.8).  

The highest Pwax values were calculated for all UPL samples, ranging between 0.76 and 
0.74 (figure 5.8). At the same time, they show the lowest Paq values, varying between 0.31 
and 0.39 (figure 5.8). Another sample with a high Pwax of 0.73 and a low Paq of 0.41 is the 
DLB sample from a mean depth of 65.25 cm b.s.l. (figure 5.8). 

 

5.5.3. Carbon Preference Index - n-alkanes   

The carbon preference index of short chain n-alkanes (CPI-alk-short) is with 5.26 highest 

in the uppermost sample of the DLB core (figure 5.9). The samples of the DLB core also 
show the widest range with a difference of 3.51 from the lowest to the highest value (figure 
5.9). The lowest values for the CPI-alk-short were calculated for the deepest sample of the 
UPL core and the deepest as well as the middle part sample of the SDLAG core, varying 
between 1.43 and 1.4 (figure 5.9).  
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Figure 5.8: n-alkane indices for aquatic (Paq) and terrestrial (Pwax) OM input of the UPL, TKL, DLB, SDLAG, LAG, and 
MAR profiles, with circles for unfrozen sediments, triangles for frozen sediments and a colour gradient over depth. 
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The long chain n-alkanes (CPI-alk-long) also shows the widest range in the samples of the 
DLB core, ranging between 7.88 in the deepest sample and the overall highest value of 
12.31, calculated for the sample from a depth of 65.25 cm b.s.l. (figure 5.9). The lowest 
CPI-alk-long values has the LAG core in both samples with 5.67 in the deeper sample at 
27 cm b.s.l. and 6.51 in the upper sample (figure 5.9).  

 

5.5.4. Carbon Preference Index – n-alkanols 

The pattern of the CPI of the n-alkanols (CPI-alc) follows for all cores the same general 
pattern as the CPI-alk-long (figure 5.9). The highest value of the samples in the uppermost 
10 cm of the cores has the MAR sample with 16.68, but the highest value overall was 
calculated for the deepest UPL sample with 34.97 (figure 5.9). The lowest CPI-alc of 8.83 
was calculated in the LAG sample from a depth of 27 cm b.s.l. and the deepest DLB 
sample with 8.89 (figure 5.9).  

 

5.5.5. Higher Plant Index  

The higher plant index (HPA) varies between 0.46 in the deepest SDLAG sample, and 0.81 
in the deeper LAG sample (figure 5.9). The samples of the DLB, having wide ranges for the 
other indices, are all close together for the HPA, ranging between 0.72 and 0.77 (figure 
5.9). The patterns of UPL, DLB and SDLAG are like the pattern of the CPI-alk-long (figure 
5.9). The patterns of TKL and LAG in comparison are reversed, with an increasing value 
from the deeper sample to the uppermost one (figure 5.9). 

 

5.6. Statistics  

5.6.1. Correlation Matrix  

Figure 5.10 shows two correlation matrices. The left one includes sedimentological as well 
as biogeochemical data, while the right one includes the biomarker indices, as well as the 
biogeochemical parameters mercury and d13C, since these two are the only parameters 
correlating with the biomarker indices.  

Parameters with strong positive correlations (> 0.5) are TN and TOC, TN and TOCvol, TOC 
and TOC/TN ratio, CPI-alc and d13C, CPI-alc and mercury, and Pwax and ACL (figure 5.10).  

Strong negative correlation (< -0.5) were found between absolute water content and dry 
bulk density, mercury, and mean grain size, CPI-alc and mercury, Paq and ACL, and Pwax 

and Paq (figure 5.10). 
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5.6.2. Cluster Analysis  

The results of the cluster analysis are shown in figure 5.11. 

The first cluster (red) includes the two peat samples of the DLB core, and the sample from 

a mean depth of 56 cm b.s.l. of the UPL core, which is also from an organic band (figure 

5.11).  

The second cluster (green) includes almost all samples from the surface layers of the soils 

down to 45-60.5 cm b.s.l from the cores except for the marine core. Also, the deepest 

samples of SDLAG (179 cm b.s.l.) and DLB (215 cm b.s.l.) are included in the green cluster 

(figure 5.11).  

The third cluster (blue) comprises the MAR sample and the samples of SDLAG from a 

mean depth between 74 and 159.5 cm b.s.l. (figure 5.11).  

The fourth group (purple) is composed of the deeper samples of the UPL core 

(195-76 cm b.s.l.) and the deeper samples of the DLB core (193-76 cm b.s.l.) (figure 5.11). 

Moreover, the SDLAG sample from a mean depth of 7.75 cm b.s.l. and the DLB sample 

from a mean depth of 42.5 cm b.s.l. are assigned to this group (figure 5.11).  

Figure 5.10: Correlation matrices of the sedimentological and biogeochemical parameters (left) and the biomarker 
indices with d13C and mercury (right). Strong positive correlations in dark blue, strong negative correlations in dark 
red. 
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5.6.3. Central Tendency Analysis 

For the first analysis the nonparametric Kruskal-Wallis-Test was used to assess the 
presence of statistically significant differences in central tendencies among the data from 
four of the sample sites: SDLAG, DLB, TKL and UPL. The results reveal significant 
distinctions for all parameters (p < 0.05), except for the TOC density, were the observed p-
value is 0.0822 (figure 5.12). 
Through the subsequent pairwise comparisons of the four sediment cores, carried out using 
the Mann-Whitney-Wilcoxon test, it is possibly to see more precisely where the significant 
differences lie. The results show that specifically the SDLAG and TKL deposits, as well as 
the TKL and UPL deposits, have the most differences. In both of these pairs, significant 
differences are evident in four out of the six tested parameters (figure 5.12).  Conversely, 
the SDLAG and UPL cores are the most similar, as evidenced by the absence of statistically 
significant differences in all measured biogeochemical parameters (figure 5.12). 
Additionally, a relatively high degree of similarities is shown between the SDLAG and the 
DLB samples, with significant differences only in the TOC content (figure 5.12).  
To statistically verify possible differences between the saltwater influenced cores (MAR, 
LAG, SDLAG) and the cores that are not influenced by salt water (DLB, TKL, UPL), as well 
as differences between the frozen (SDLAG, DLB, UPL) and the unfrozen sites (MAR, LAG, 
TKL), also the non-parametric Mann-Whitney-Wilcoxon test was used. 

Figure 5.11: Display of the cluster analysis with four means.  



 50 

 

Figure 5.12: Boxplots of the biogeochemical parameters of the SDLAG, DLB, TKL, and UPL profile. (MAR and LAG as 
individual samples). The whiskers display the data range (outliers as black points) and the boxes show the interquartile 
range (25-75 %). The black vertical line marks the median and the notches represent the 95 % confidence interval. 
The bars left of the boxes show the statistical significance of differences between the profiles (ns for not significant, 
* for p < 0.05, ** for p < 0.01, and *** for p < 0.001).  
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Between the saltwater influenced deposits and the deposits not influenced by saltwater a 
statistically significant differences were calculated within the biogeochemical parameters 
for TOC (p = 0.005452) and TN (p = 0.01832) with the saltwater influenced sites having 
lower contents (mean TOC = 2.53 wt%; mean TN = 0.18 wt%) than the sites not influenced 

by saltwater (mean TOC = 6.04 wt%; mean TN = 0.33 wt%), and the d13C ratio (p = 

0.02019), being significantly lower in the deposits not influenced by saltwater (mean 

d13C = -27.76 ‰ vs. VPDB) than in the saltwater influenced deposits (mean 

d13C = -26.96 ‰ vs. VPDB) (figure 5.13).  
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Figure 5.13: Boxplots of the biogeochemical parameters of profiles influenced by saltwater (orange) and profiles not 
influenced by saltwater (blue). The whiskers display the data range (outliers as black points) and the boxes show the 
interquartile range (25-75 %). The black vertical line marks the median and the notches represent the 95 % confidence 
interval. The bars left of the boxes show the statistical significance of differences between the groups (ns for not 
significant, * for p < 0.05, ** for p < 0.01, and *** for p < 0.001).  
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There is no significant difference of the central tendency between the two groups for TOC 
density, Mercury, and the TOC/TN ratio (p > 0.05) (figure 5.13). The biomarker indices for 
which the groups are statistically significantly different from each other are ACL-long (p = 
0.018), CPI-alk (p = 0.005), and Pwax (p = 0.008), with all indices being lower in the saltwater 
influenced profiles.  

 
The unfrozen and frozen cores have statistically significant differences in the TOC content 
(p = 0.008), the TOCvol (p = 0.01), and the TN content (p= 0.005), with the frozen cores 

Figure 5.14: Boxplots of the biogeochemical parameters of frozen profiles (dark blue) and unfrozen profiles (pink). The 
whiskers display the data range (outliers as black points) and the boxes show the interquartile range (25-75 %). The 
black vertical line marks the median and the notches represent the 95 % confidence interval. The bars left of the 
boxes show the statistical significance of differences between the groups (ns for not significant, * for p < 0.05, ** for 
p < 0.01, and *** for p < 0.001). 
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having significantly lower concentrations (mean TOC = 4.75 wt%; mean TN = 0.26 wt%; 
mean TOCvol = 28.83 kgTOC/m3) than the unfrozen cores (mean TOC = 4.76 wt%; mean 

TN = 0.33 wt%; mean TOCvol = 42.97 kgTOC/m3), and in the d13C ratio (p-value = 0.01), being 

lower in the unfrozen cores (mean d13C = -27.9 ‰ vs. VPDB) than in the frozen ones (mean 

d13C = -27.35 ‰ vs. VPDB) (figure 5.14).  

Biomarker indices show significant differences between the frozen and unfrozen cores for 
the ACL-long (p-value = 0.008), the Paq (p-value = 0.04), and the Pwax (p-value = 0.028), with 
the ACL-long and Pwax being lower and the Paq being higher in the unfrozen profiles than in 
the frozen ones. 

 
6. Discussion  

In the subsequent chapters, differences between the six analysed landforms are 
discussed, with a focus on their carbon pools, categorized into organic carbon storage 
(6.1), organic carbon source (6.2), and organic carbon degradation (6.3), as well as their 
depositional processes (6.4), and their Mercury content (6.5). Special attention is directed 
towards differences between the sites influenced by saltwater (SDLAG, LAG, MAR) and 
those unaffected by saltwater (UPL, TKL, DLB), as well as differences between the frozen 
(UPL, DLB, SDLAG) and unfrozen (TKL, LAG, MAR) deposits. 

 

6.1. Organic Carbon Storage  

The organic carbon storage is discussed on the basis of the measured TOC content [wt%] 
across the different sites and depths, and the calculated TOC volume [kgTOCm-3] stored in 
the soils at the sites, addressing the first research question how much organic carbon the 
different landscape units store in comparison to one another. 
As expected, the total range of TOC contents in the samples is relatively wide 
(0.72-37.62 wt%) compared to other studies (0.2-24 wt%; Strauss et al., 2015). This was 
probably due to the diverse initial material from the different features of the permafrost/ 
thermokarst landscape, as well as the inclusion of more landscape units from the land to 
marine realm. Within one core the deposits from the DLB show the largest range of the 
TOC content (2.94-37.62 wt%). This might be due to the mixed permafrost and 
thermokarst lake features of the core. Also, the post-thermokarst-lake peat accumulation 
influences especially the high TOC contents in the upper soil of the DLB (Jongejans et al., 
2020; Lenz et al., 2016). The large, often flat-bottomed DLBs provide perfect conditions 
for the formation of wetlands, through which most DLBs become vegetated in 5-10 years 
after the drainage event and accumulate peat 10-20 years after (Jones et al., 2012).  
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In both freshwater-influenced thermokarst deposits (DLB and TKL) the measured TOC 
content is significantly higher than in the SDLAG profile, and in case of the TKL deposits 
also higher than in the UPL profile. Although the highest mean TOC content was measured 
in the deposits of the DLB (mean 7.57 wt%), it should not be over interpreted, since the 
median TOC content of the DLB core is with 3.26 wt% much lower than the mean value. 
This high mean is strongly influenced by the high TOC contents of the narrow peat layer in 
the upper centimetres of the core. As already mentioned, it is common that DLB sediment 
recover quickly after drainage, initializing post-lake peat growth, which sequesters carbon 
from the atmosphere and increases the carbon content in the basin sediments 
(Schirrmeister et al., 2011a; Strauss et al., 2015). The TOC content measured in this study 
is nevertheless comparable to other studies. For example, Fuchs et al. (2019) distinguished 
between a mean for the upper 100 cm of a DLB core, which was 16 wt% and is 11.08 wt% 
in the present study, and a mean for samples between 100 and 200 cm b.s.l., which was 
3.5 wt% and is 3.48 wt% in the present study. In addition, the TKL profile shows high TOC 
contents (mean 5.37 wt%). It is a little lower than literature values of 6.5 wt% (Strauss et 
al., 2013), 5.6 wt% (Fuchs et al., 2019), and 7.0 wt% (Lenz et al., 2016), but significantly 
higher than the TOC content in the SDLAG and UPL profiles measured in this study. This 
is likely due to a high input of Holocene organic Carbon (OC), primary productivity in the 
lake stimulated by nutrient release of thawing permafrost and accumulation of organic 
matter (OM), further accelerated by slow decomposition due to a cold and anaerobic lake 
environment (Strauss et al., 2015). The measured TOC content of the UPL permafrost 
deposits is with a mean of 4.66 wt% a little higher compared TOC contents from previous 
permafrost studies with 3.0 wt% (Strauss et al. 2013) and 2.4 wt% (Strauss et al. 2015), 
but much lower than the mean TOC content in permafrost of 29 wt% measured by Fuchs 
et al. (2019) in the Teshekpuk lake region. The lowest mean TOC content (2.37 wt%), 
measured in the SDLAG deposits, might be influenced by a decrease of the primary 
productivity with the transition from the thermokarst lake to the lagoon, due to the strong 
seasonal fluctuations of the salt content, the lowered, fluctuating water level to almost 
drainage, and the bedfast ice formation in winter, which shortens the period of biological 
production. Therefore, it could be expected that there is less primary productivity in the 
SDLAG compared to the TKL and the DLB. Decomposition processes probably take place 
in soil of SDLAG only in summer, since at least in the year of sampling there was no talik 
underlying the bedfast ice of the SDLAG. There might was decomposition all year round 
when the lagoon had more water or rather was in the state of a thermokarst lake, which 
also could have led to a decreased TOC content. This probably also be a cause for the 
significantly lower TOC contents in the profiles of the saltwater influenced sites (mean 2.53 
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wt%) than in the profiles of the sites not influenced by saltwater (mean 6.04 wt%). In case 
of the marine sample also the coarser grain size and the different deposition processes 
might influence the low TOC content. Moreover, there is a significant difference between 
the frozen and unfrozen sites, with unfrozen sites having significantly higher TOC contents 
(mean 4.76, median 5.1) than the frozen sites (mean 4.75, median 3.17). This difference, 

as well as the difference between the TKL and UPL, indicate a higher primary productivity 
and OM accumulation in the unfrozen deposits in contrast to the frozen sites, in despite of 
a probably accelerated degradation of OM in the unfrozen deposits.  

The organic carbon storage in the soils at the different sites was calculated as the TOCvol 

[kgTOCm-3]. In contrast to other studies the mean TOCvol of the UPL deposits is with 
36.66 kgTOCm-3 relatively high. Strauss et al. (2013 & 2015) found that the TOCvol in 
thermokarst is with means of 33 kgTOCm-3 (2013) and 24 kgTOCm-3 (2015) higher than in the 
UPL deposits with means of 19 kgTOCm-3 (2013) and 14 kgTOCm-3 (2015). Fuchs et al. (2019) 
found higher TOCvol in UPL than in thermokarst deposits. In this study the unfrozen sites 
have significantly higher mean TOCvol (42.97 kgTOCm-3) than the frozen sites 
(28.83 kgTOCm-3). Moreover, the mean TOCvol in the deposits of the TKL (46.31 kgTOCm-3) is 
significantly higher than the two lowest mean TOCvol in the deposits of the SDLAG 
(26.36 kgTOCm-3) and the DLB (25.06 kgTOCm-3). Since the TKL deposits also have a high 
TOC content, the TOCvol is likely influenced by the input of TOC due to primary production 
in the lake, and relocation of OM e.g., due to erosion, leading to OC accumulation in the 
basin, but also by thaw subsidence progression due to ground ice loss (Lenz et al., 2016; 
Strauss et al., 2015). The low TOCvol in the refrozen thermokarst features in comparison 
might be influenced by ground ice accumulation after the drainage of the water bodies and 
in case of the SDLAG deposits also by a low primary productivity.  

To answer the question if the different landforms of a thermokarst landscape are whether 
a sink of carbon or a source of greenhouse gas emissions, it is important to also look at 
the source of the OM, as well as at the level of degradation.  

 

6.2. Organic Carbon Source 

To assess the degradability of OC stored in the soils it is of great interests where the OM 
in the soils comes from. Therefore, the following chapter answers the second research 
question of the potential sources of the OC and the differences across the landscape units, 
based on the TOC/TN ratio, the stable carbon isotopes, and the biomarker distributions. 
A low TOC/TN ratio can indicate an aquatic influence, from algae and bacteria on the OM 
decomposition in soils (Meyers, 1997). This is might the case for the TKL deposits with the 
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lowest mean TOC/TN ratio of 14.39. In combination with the low mean d13C ratio 

of -28.22 ‰ vs. VPDB it is likely that the aquatic OM in the TKL deposits is of lacustrine 
origin (Meyers, 1997). In contrast the highest mean TOC/TN ratio (18.45) was measured in 
the UPL samples, indicating a stronger terrestrial influence on the OM composition. The 
largest variation of the TOC/TN ratio within the interquartile range show the SDLAG 
samples, indicating different sources of OM during the different stages of the thermokarst 
lagoon transition. It is also shown in figure 5.8 that the OM in samples of the SDLAG have 
a fluctuating aquatic and terrestrial influence over depth. The largest variation between all 
samples was measured in the deposits of the DLB, which also indicates different sources 
of the OM in the different stages of the thermokarst lake evolution, also shown in the 

fluctuating Pwax and Paq over depth (figure 5.8). Since the TOC/TN and the d13C ratio are 

also parameters for the degradation of OM, these variations can also result from different 
degrees of degradation of the OM with depth, a topic further discussed in the following 
chapter.  
The biomarker analysis shows that the samples of the UPL core have the strongest 
terrestrial influence, indicated by the highest ACL-long values and a high Pwax in all three 
samples. The strongest aquatic influence was detected in the OM of the marine sample, 
with the lowest ACL-long and a high Paq. It is also shown in figure 5.7 and 5.8 that all 
thermokarst deposits are stronger influenced by aquatic OM than the UPL samples, since 
all samples have lower ACL-long and Pwax values. Moreover, both figures show that there 
is a change of source in the SDLAG, DLB and UPL profiles from the upper soil compared 
to the samples between 50 and 100 cm b.s.l. and between 100 and 200 cm b.s.l. (figure 
5.7 & 5.8). Starting with low ACL-long values and thus a stronger aquatic influence in the 
upper soil. The ACL-long is higher, accompanied by higher Pwax and lower Paq, between 50 
and 100 cm b.s.l., indicating a more terrestrial influence, and again lower between 100 and 
200 cm b.s.l., accompanied by higher Paq and lower Pwax values indicating a stronger 
aquatic influence. This course could be due to more than one thermokarst lake generation 
at the SDLAG and DLB site, but since it is also shown in the UPL deposits it might indicate 
changed hydrological conditions at the time of deposition or is influenced by relocation of 
OM, for example due to cryoturbation or roots.  
Significant differences were determined in the ACL-long and the Pwax between the saltwater 
influenced cores (mean ACL-long: 26.6; mean Pwax: 0.57) and those that are not influenced 
by saltwater (mean ACL-long: 27.31; mean Pwax: 0.68), as well as between the unfrozen 
(mean ACL-long: 26.52; mean Pwax: 0.57) and the frozen (mean ACL-long: 27.27; mean 
Pwax: 0.67) cores. Those differences in the n-alkane distribution can also be seen in figure 

6.1. All unfrozen cores and the uppermost sample of the SDLAG, tend to have more of a 
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double peak in the n-alkane distribution at n-C23 and n-C27, indicating a dominating input 
of bryophytes (n-C23) and leaf waxes (n-C27) (Haugk et al., 2021; Zech et al., 2009). In 
contrast the UPL, DLB and deeper SDLAG samples tend to have a peak at n-C27 and in 
case of the UPL samples a double peak at n-C27 and n-C31, indicating a dominating input 
of leaf waxes (n-C27) and grasses (n-C31) (Haugk et al., 2021; Zech et al., 2009). The 
indication that there is a stronger tendency to an aquatic influence on the OM composition 
in the deposits under waterbodies (unfrozen) is also supported by the significant difference 
in the Paq between unfrozen (mean 0.61) and the frozen (mean 0.47) sites.  
 
 

     

 

     
 

     

 
In summary the data discussed in this chapter shows that there are different sources of 
OM in the different deposits, with parameters such as salinity, temperature, and water 
availability likely to influence the composition of the accumulated OM. 
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Figure 6.1: n-alkane distributions of UPL (ice blue), TKL (pink), DLB (electric blue), SDLAG (purple), LAG (red), and 
MAR (yellow). 
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6.3. Organic Carbon Degradation  

On the basis of the TOC/TN and the d13C ratios, as well as the biomarker indices CPI-alk-
long, CPI-alk-short, CPI-alc, and HPA the level of degradation of the OM stored in the soils 
is discussed in the following chapter, answering the third research question about the 
quality of organic carbon in the deposits and the distinctions in the level of degradation 
across the landscape units.  
Since decomposition releases Carbon from the soils to the atmosphere and Nitrogen to 
the soils, deposits containing further degraded OM have lower TOC/TN ratios than those 
containing fresh OM (Andersson et al., 2012; Weintraub & Schimel, 2005). Significant 
differences of the TOC/TN ratio were determined between the TKL and UPL, and the DLB 
and UPL profiles, with the UPL samples having significantly higher TOC/TN ratios than the 
thermokarst deposits. Additionally, the LAG samples, not included in the statistical analysis 
due to the small sample size, show very low TOC/TN ratios. It is therefore likely that the 
thermokarst deposits contain stronger degraded OM than the UPL profile. The mean 
TOC/TN ratio of the UPL (18.45) is in the lower range of the ratios measured by Routh et 
al. (2014) in Arctic peat soils (15-25) and a little lower than the mean TOC/TN measured by 
Fuchs et al. (2019) in upland permafrost samples in the Teshekpuk region (21.3). However, 
they are higher than the mean TOC/TN ratio measured by Haugk et al. (2021) in Siberia 
(13.24). The mean TOC/TN ratios in the TKL (14.39) and the DLB (17.5) profiles are slightly 
higher than those measured by Fuchs et al. (2019) with a mean TOC/TN ratio in the upper 
100 cm of the soils of 12.6 in TKL deposits and 16.6 of DLB deposits. The rather high 
values of all profiles indicate a high preservation and good quality of the accumulated OM 
and therefore a vulnerability to decomposition after thaw.  
 d13C values show in theory the best-preserved OM in the TKL samples and the most 

degradation in SDLAG samples. Since the biomarker indices referring to the source of OM, 
like the ACL-long with a range between 26.2 and 28.37, indicates different sources of OM 
between the sites, the variation of d13C should be rather interpreted as a signal for origin 
than a proxy for degradation of the OM. 
The CPI, both CPI-alk-long and CPI-alk-short, show higher values in the DLB and TKL 
deposits, compared to the UPL samples (figure 5.9). In contrast to the TOC/TN ratio this 
indicates stronger degraded OM in the UPL profile. The CPI-alk-long as well as the CPI-
alc of the UPL deposits is low in the upper samples and increasing to 9.16 (CPI-alk-long) 
and 34.97 (CPI-alc) in the deepest sample. This implies fewer degraded OM in the deeper 
layers and ongoing degradation in the upper soil. With ongoing climate warming and 
thawing of the deeper permafrost layers the preserved OM of good quality could become 
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available to decomposition, leading to increased emissions of greenhouse gases. The 
saltwater influenced profiles have significantly lower CPI-alk-long (mean 6.64), than the 
profiles not influenced by saltwater (mean 8.71), indicating more degradation in the 
SDLAG, LAG, and MAR deposits, than in the DLB, UPL, and TKL deposits.  
Although the mean TOC/TN ratios of the different sites indicate that OM in the UPL 
deposits is less degraded than in the thermokarst features, the CPI-alk suggests a higher 
level of degradation in the UPL samples compared to DLB and TKL. Furthermore, both 
HPA and CPI-alc reveal less degraded OM in the DLB core than in the UPL deposits, at 
least in the uppermost samples. This could indicate an increased input and accumulation 
of Holocene OC, past or present, to the thermokarst deposits, balancing out the increased 
degradation of OM in thawed sediments. When interpreting these parameters, it is 
important to keep in mind that they represent composite signals also influenced by other 
properties of the OM, such as its composition.  
 

6.4. Depositional Processes  

The grainsize distribution (g.s.d.) of the sediments and its shifts over the depth of a core 
can indicate different stages of the thermokarst development at the sampling sites. The 
following chapter discusses the fourth research question about the predominant 
depositional processes that characterize the different landscape features, and where 
similarities and differences in these processes exist.  
The g.s.d. of the UPL deposits is dominated by a peak in the area of fine sands and silts, 
indicating fluvial deposition processes (Strauss et al., 2012). There are two shifts in the 
core towards finer grained deposits (150-130 cm b.s.l., 75-55 cm b.s.l). Since the surface 
structure of the area is dominated by a polygonal tundra, the shift in the grain size 
distribution in the profile might be due to a shift of the polygon at the time, for example 
due to a lift or lowering of the polygon rim or a spread of the polygon. Also changed 
hydrological conditions, like a change in the water level, could have caused those shifts.  
The thermokarst soils all have lacustrine deposits, with a peak in the grainsize distribution 
between silt and clay. This fine mean grainsize indicates aeolian and low velocity fluvial 
deposition (Strauss et al., 2012). In case of the short cores of the LAG and TKL, but also 
in case of the DLB they determine the g.s.d. over the entire length of the core. The SDLAG 
core in contrast shows a shift from coarser material in the deeper layers to finer material in 
the upper layers. In the deeper layers (180-100 cm b.s.l.) the grain size has a peak, similar 
to the UPL deposits, between fine sand and silt, indicating that those are the initial 
permafrost deposits, not influenced by the thermokarst. Above (100-0 cm b.s.l.), lacustrine 
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sediments are found, showing a similar peak in the g.s.d. as the TKL, LAG and DLB, most 
likely deposited during the thermokarst lake and lagoon state of the site. The mussels that 
were found throughout the whole length of the core are most likely no recent deposits, but 
part of the marine sediments in the region, attributed to a series of marine transgressions 
(Farquharson et al., 2018; Rawlinson, 1990).  

 

6.5. Mercury Content  

Since permafrost soils have the potential to accumulate mercury bound in OM over 
centuries, the differences of the mercury content in the different landscape units are 
discussed in the following chapter, addressing the fifth research question, as well as the 
sixth research question if there is a correlation between permafrost degradation and the 
accumulation of mercury in the soil profiles.  
The mercury content analysis of the different cores of this study shows that the 
thermokarst deposits have higher Hg concentrations compared to the UPL deposits. 
Significant differences in the Hg content were observed between the DLB and UPL, as well 
as between the TKL and UPL deposits. The median Hg content of the TKL samples 
(70.63 µg/kg) is nearly twice as high as the median of the UPL samples (36.34 µg/kg). 
Furthermore, the Hg levels of the two samples of the LAG core are consistent with the TKL 
samples. The SDLAG profile has no significant differences to the other cores and shows 
the largest variations in the Hg content across the samples. As for the findings of the g.s.d. 
the mercury content in the deeper layers of the SDLAG (180-100 cm b.s.l.) is akin to the 
content found in UPL samples and is thus relatively low (15.57-48.65 µg/kg). In contrast, 
the upper layers (100-0 cm b.s.l.) have much higher Hg concentrations, which are quite 
similar to the concentrations in the other thermokarst samples (20.27-102.17 µg/kg).  
All cores show a higher mean Hg content than measured in deeper deposits by Rutkowski 
et al. (2021) in Siberia (mean 9.72 µg/kg). The median Hg content measured for upland 
permafrost samples from the North Slope, Alaska by Schuster et al. (2018) of 43 µg/kg, is 
slightly higher than in the UPL samples of this study, with a median of 36.34 µg/kg.  
Sources of the Hg accumulated in Arctic soils can be both, natural and anthropogenic. 
Natural sources contributing increased atmospheric Hg and subsequent deposition into 
soils include boreal forest fires and volcanic activity (Schuster et al., 2018). Anthropogenic 
input has significantly intensified due to industrialization and expanding anthropogenic land 
use (Jonsson et al., 2017). Obrist et al. (2017) found that approximately 70 % of the Hg in 
the Arctic tundra derived from gaseous elemental Hg, which is ubiquitously present in the 
atmosphere, and only minor contribution of deposition via precipitation or atmospheric 
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mercury depletion events. This is important, since the deposition of the gaseous elemental 
Hg is strongly influenced by the uptake of vegetation (Obrist et al., 2017). Sites with a higher 
primary productivity, which accumulate OM in the soils, also potentially accumulate higher 
levels of Hg bond in the vegetation. Furthermore, thawing permafrost affects the distribution 
and accumulation of Hg in specific deposits. Previously freeze-looked Hg-containing OM in 
the soil releases Hg upon decomposition (Schuster et al., 2018). Thermokarst erosion and 
increased soil water movement, triggered by permafrost thaw, increase the transport of Hg 
from the soils to Arctic surface water, resulting in higher Hg concentrations in lake- and 
post-lake sediments, which is also indicated by the data of this study (Rydberg et al., 2010).  
 

7. Conclusion 

In this study sediment cores from six different landscape features of a dynamic coastal 
thermokarst landscape were analysed: upland permafrost, a thermokarst lake, a drained 
thermokarst lake basin, a semi-drained lagoon, an intact lagoon, and marine deposits. The 
findings have shown the complex interplay of environmental factors, landform 
characteristics, and impacts of climate change on these Arctic landscapes.  
Concerning the first objective of my master thesis, the quantification and 

characterization of organic carbon, and particularly the first addressed question 
regarding the quantity of organic carbon, I found strong variations in the TOC content 
within and across the different landforms, with the DLB profile showing the broadest range. 
This variation can be most likely attributed to the mixed source signals of initial permafrost 
and thermokarst lake features in the core. The DLB and the TKL profiles show the highest 
mean TOC contents, indicating a Holocene OC input and increased primary productivity 
in the freshwater influenced thermokarst features. This is supported by the analysis of the 

quality of organic carbon, which shows fresh undegraded organic matter in both profiles, 
indicated by high CPI-alk-long values. The SDLAG profile has significantly lower TOC 
contents than the TKL and DLB deposits and in addition, all saltwater influenced profiles 
show significantly lower TOC contents than those not influenced by saltwater. This could 
be attributed to a lower primary productivity and thus less input of organic matter, after 
the saltwater intrusion to the soils. This is also displayed by a significantly lower CPI-alk-
long in the saltwater influenced profiles compared to those not influenced by saltwater, 
indicating more degraded organic matter. Moreover, the unfrozen deposits have a 
significantly higher TOCvol than the frozen profiles. The analysis of the carbon sources 
showed a varying degree of aquatic influence across the different landforms, displayed by 
significant difference in the source indicating biomarker indices between the saltwater 
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influenced profiles and those not influenced by saltwater, as well as across the unfrozen 
and frozen deposits. Moreover, the significantly higher TOC/TN ratio in the TKL and DLB 
profiles in contrast to the UPL profiles, indicates a stronger aquatic influence on the organic 
matter composition in the thermokarst features.  
The second aim, the sedimentological and depositional characterization of the profiles 

and the raised question of the dominant depositional processes and the differences 
across the landscape units, can be conclusively answered as followed: The analysis of the 
grain size distribution showed different characteristics across the different soil profiles, 
reflecting different stages of thermokarst development. The coarser grain size in UPL 
deposits is indicative for fluvial deposition, while the thermokarst deposits are dominated 
by finer grained lacustrine deposits, indicating aeolian and low-velocity fluvial deposition. 
The SDLAG profile clearly shows a shift from initial permafrost deposits in the deeper layers 
and lacustrine deposits in the upper layers. 

Concerning my last objective, the quantification of mercury and the differences between 
the soil profiles, I found higher mercury contents in the thermokarst deposits than in the 
UPL profile, with the TKL profile having a median mercury content (70.63 µg/kg) almost 
twice as high as in the UPL deposits (36.34 µg/kg). Regarding the correlation of 
permafrost degradation and the accumulation of mercury, I found that it is likely that 
sediments with a higher input of OM have higher accumulation rates of mercury. Moreover, 
the thawing of permafrost and the associated processes potentially lead to an 
accumulation of mercury in lake environments. 
In summary, this study contributes valuable data to our understanding of the dynamics 
within a changing coastal thermokarst landscape. With ongoing climate change and 
anticipated permafrost thaw in the future, Arctic environments will continue to change, 
including the expansion of thermokarst landscapes. It is therefore crucial to further 
investigate and monitor changes of the characteristic and processes of different landscape 
units, associated with those landscape changes, to predict future impacts and the 
development of adaptation and mitigation strategies. 
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Table A.1: Raw data sedimentological parameters  

Prefix
mean depth  
[cm b.s.l.]

dry bulk 
density 
 [g/cm³]

absolute  ice/
water content 

[wt%]
mean grain 
size [µm] clay [vol%] silt [vol%] sand [vol%]

TES22-MAR1-02 6.25 1.529 19.619 33.31 7.126 34.419 58.455

TES22-LAG1-01 1.5 NA NA 5.001 19.8 77.3 2.9

TES22-LAG1-01 7.75 615 53.412 6.882 17.27 77.779 4.956

TES22-LAG1-01 16 1.058 34.258 6.6 18.90 76.015 5.086

TES22-LAG1-01 26.5 1.123 32.035 5.432 20.23 73.67 6.098

TES22-LAG1-01 36.5 NA 3.410 6.824 16.46 80.442 3.093

TES22-LAG1-01 46.75 1.321 25.847 6.608 17.028 80.144 2.827

TES22-LAG1-01 59 1.342 25.230 5.917 20.19 74.656 5.154

TES22-LAG1-01 74 NA 14.271 16.07 6.409 87.715 5.876

TES22-LAG1-01 87 1.246 28.075 5.919 20.375 73.221 6.404

TES22-LAG1-01 103 NA 15.044 45.87 4.998 41.385 53.616

TES22-LAG1-01 116 NA 14.612 23.85 9.545 57.352 33.102

TES22-LAG1-01 129.5 NA 15.181 20.79 9.571 66.263 24.166

TES22-LAG1-01 145.75 1.436 22.659 25.25 7.462 64.803 27.735

TES22-LAG1-01 159.5 1.532 20.181 23.59 7.982 66.864 25.154

TES22-LAG1-01 179 1.415 23.219 17.33 10.257 63.679 26.064

TES22-TKL1-02 6 713 51.935 5.623 21.413 74.363 4.223

TES22-TKL1-02 13 NA 43.603 9.93 14.395 79.624 5.981

TES22-TKL1-02 18 NA 44.562 5.752 19.401 77.317 3.281

TES22-TKL1-02 25.5 NA 42.050 5.224 21.379 74.342 4.278
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Prefix
mean depth  
[cm b.s.l.]

dry bulk 
density 
 [g/cm³]

absolute  ice/
water content 

[wt%]
mean grain 
size [µm] clay [vol%] silt [vol%] sand [vol%]

TES22-TKL1-02 32 NA 38.500 5.404 21.336 73.554 5.11

TES22-TKL1-02 37.5 NA 40.249 6.825 17.134 78.837 4.029

TES22-TKL1-02 45.25 1.057 37.958 7.155 16.9 80.365 2.729

TES22-DLB1-01 6.75 45 95.238 NA NA NA NA

TES22-DLB1-01 18.5 245 77.255 NA NA NA NA

TES22-DLB1-01 28.5 1.251 27.933 6.646 17.943 78.637 3.42

TES22-DLB1-01 42.5 501 59.799 5.742 21.878 73.307 4.815

TES22-DLB1-01 60.5 619 53.207 6.497 18.081 77.5 4.4191

TES22-DLB1-01 76 390 66.737 6.735 17.294 79.214 3.492

TES22-DLB1-01 100 458 62.360 5.768 20.234 76.409 3.357

TES22-DLB1-01 117 368 68.255 6.618 18.148 78.53 3.322

TES22-DLB1-01 137 484 60.812 6.381 18.028 78.521 3.452

TES22-DLB1-01 157 728 47.767 6.13 17.973 78.804 3.223

TES22-DLB1-01 174.5 468 61.756 6.621 17.793 79.91 2.298

TES22-DLB1-01 193 674 50.362 5.7 19.421 77.109 3.47

TES22-DLB1-01 215 817 43.711 5.981 18.657 74.594 6.748

TES22-UPL1-02 7 1.031 35.237 21.73 9.545 63.483 26.971

TES22-UPL1-02 22.5 1.396 23.742 20.42 8.947 65.526 25.527

TES22-UPL1-02 33.5 1.477 21.579 13.33 12.550 70.286 17.164

TES22-UPL1-02 47.5 1.509 20.753 13.64 12.754 69.633 17.612

TES22-UPL1-02 56 586 54.959 11.74 11.161 73.816 15.024

TES22-UPL1-02 76 625 52.890 14.3 13.043 68.63 18.327
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Table A.2: Raw data biogeochemical parameter  

Prefix
mean depth  
[cm b.s.l.]

dry bulk 
density 
 [g/cm³]

absolute  ice/
water content 

[wt%]
mean grain 
size [µm] clay [vol%] silt [vol%] sand [vol%]

TES22-UPL1-02 85 542 57.396 12.71 15.042 64.772 20.186

TES22-UPL1-02 126 497 60.037 6.497 18.081 77.5 4.4191

TES22-UPL1-02 149.5 381 67.339 14.37 13.572 65.043 21.385

TES22-UPL1-02 173.5 573 55.688 17.8 11.299 64.803 23.898

TES22-UPL1-02 195 541 57.476 18.55 11.376 65.799 22.825

TES22-LAG2-01 5 NA 41.252 6.78 14.708 82.074 3.2172

TES22-LAG2-01 27 977 36.989 6.019 18.547 77.315 4.138

Prefix
mean depth 
[cm b.s.l.] TC [wt%] TOC [wt%]

TOCvol 
 [kg/m3] TN [wt%] C/N ratio

δ13C [‰ 
vs. VPDB]

mercury  
[µg/kg]

TES22-MAR1-02 6.25 1.548 1.297 19.826 <  0.10 25.934 -26.208 30.68

TES22-LAG1-01 1.5 3.529 3.499 21.341 326 10.732 -27.788 66.201

TES22-LAG1-01 7.75 4.652 4.619 28.405 322 14.323 -27.549 69.869

TES22-LAG1-01 16 3.362 3.33 35.241 236 14.082 -27.263 72.095

TES22-LAG1-01 26.5 4.473 4.442 49.869 312 14.261 -27.603 102.168

TES22-LAG1-01 36.5 3.05 3.026 36.968 234 12.931 -27.543 73.913

TES22-LAG1-01 46.75 3.42 3.393 44.816 263 12.925 -27.59 80.988

TES22-LAG1-01 59 3.587 3.56 47.783 259 13.743 -27.659 82.112

TES22-LAG1-01 74 733 718 9.288 <  0.10 14.354 -27.388 20.268

TES22-LAG1-01 87 2.816 2.788 34.745 0.22 12.704 -26.361 61.135
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Prefix
mean depth 
[cm b.s.l.] TC [wt%] TOC [wt%]

TOCvol 
 [kg/m3] TN [wt%] C/N ratio

δ13C [‰ 
vs. VPDB]

mercury  
[µg/kg]

TES22-LAG1-01 103 1.188 736 9.2 <  0.10 14.72 -26.122 15.572

TES22-LAG1-01 116 1.524 986 13.267 <  0.10 19.727 -26 22.517

TES22-LAG1-01 129.5 1.408 1.059 15.25 <  0.10 21.18 -25.445 24.601

TES22-LAG1-01 145.75 1.453 999 14.347 <  0.10 19.986 -25.647 23.025

TES22-LAG1-01 159.5 1.549 1.028 15.752 <  0.10 20.565 -25.321 19.603

TES22-LAG1-01 179 1.477 1.352 19.13 111 12.236 -28.345 48.653

TES22-TKL1-02 6 5.275 5.211 37.182 365 14.278 NA 77.852

TES22-TKL1-02 13 4.692 4.629 33.024 337 13.735 -28.211 64.101

TES22-TKL1-02 18 6.302 6.232 44.462 418 14.909 -28.225 72.072

TES22-TKL1-02 25.5 5.386 5.338 47.243 378 14.121 -28.463 69.887

TES22-TKL1-02 32 5.04 4.985 44.12 359 13.905 -28.09 68.262

TES22-TKL1-02 37.5 5.926 5.868 62.007 388 15.144 -28.1 72.363

TES22-TKL1-02 45.25 5.362 5.311 56.112 364 14.609 NA 70.627

TES22-DLB1-01 6.75 37.729 37.618 16.973 644 58.458 -28.006 48.781

TES22-DLB1-01 18.5 18.83 18.707 45.88 0.99 18.906 -27.44 103.546

TES22-DLB1-01 28.5 3.181 3.152 39.421 233 13.528 -27.735 72.143

TES22-DLB1-01 42.5 3.3118 3.27 16.371 0.23 14.25 -27.476 70.067

TES22-DLB1-01 60.5 8.465 8.384 51.88 509 16.471 -27.104 72.108

TES22-DLB1-01 76 2.989 2.941 11.477 226 13.015 -27.235 63.873

TES22-DLB1-01 100 3.566 3.501 16.043 251 13.948 -27.508 67.547

TES22-DLB1-01 117 3.321 3.261 11.991 219 14.924 -27.385 66.208

TES22-DLB1-01 137 3.148 3.095 14.969 253 12.258 -27.344 67.095
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Prefix
mean depth 
[cm b.s.l.] TC [wt%] TOC [wt%]

TOCvol 
 [kg/m3] TN [wt%] C/N ratio

δ13C [‰ 
vs. VPDB]

mercury  
[µg/kg]

TES22-DLB1-01 157 2.993 2.946 21.451 252 11.715 -27.243 67.994

TES22-DLB1-01 174.5 3.058 3.0186 14.13 222 13.597 -27.423 69.814

TES22-DLB1-01 193 3.199 3.168 21.367 256 12.374 -27.789 70.186

TES22-DLB1-01 215 5.42 5.363 43.839 382 14.057 -28.106 68.904

TES22-UPL1-02 7 2.581 2.559 26.377 0.12 21.412 -28.84 48.506

TES22-UPL1-02 22.5 3.243 3.214 44.853 0.17 18.96 -29.007 49.836

TES22-UPL1-02 33.5 3.228 3.2 47.264 169 18.993 -29.028 47.874

TES22-UPL1-02 47.5 4.935 4.889 73.782 278 17.618 -28.695 48.88

TES22-UPL1-02 56 20.512 20.421 119.669 1.202 16.997 -27.578 66.244

TES22-UPL1-02 76 4.056 3.841 24.003 228 16.829 -27.766 33.253

TES22-UPL1-02 85 6.175 5.929 32.136 338 17.54 -27.1588 36.344

TES22-UPL1-02 126 3.184 2.47 12.263 145 17.032 -27.33 28.515

TES22-UPL1-02 149.5 2.608 1.929 7.352 124 15.553 -27.101 29.268

TES22-UPL1-02 173.5 2.417 1.532 8.772 <  0.10 30.639 -26.69 27.196

TES22-UPL1-02 195 2.192 1.256 6.789 0.11 11.416 -26.103 25.898

TES22-LAG2-01 5 4.123 4.092 39.987 312 13.137 -27.628 66.629

TES22-LAG2-01 27 4.71 4.676 45.697 357 13.099 -27.758 70.667
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Table A.3: Raw Data Hydrochemistry  

Table A.4: Calibrated radiocarbon ages 

Prefix
mean depth  
[cm b.s.l.] pH

electric 
conductivity 

 [mS/cm] DOC [mg/L]

TES22-MAR1-02 6.25 7.67 39.5 19.23

TES22-LAG1-01 7.75 7.49 39 80.8

TES22-LAG1-01 87 5.94 61.5 NA

TES22-LAG1-01 179 7.58 17.85 NA

TES22-TKL1-02 6 7.45 832 NA

TES22-DLB1-01 6.75 4.52 261 52.3

TES22-DLB1-01 60.5 6.99 672 187

TES22-DLB1-01 215 6.61 333 378

TES22-UPL1-02 7 6.44 311 72.28

TES22-UPL1-02 56 7.32 361 NA

TES22-UPL1-02 195 7.25 1.156 228

TES22-LAG2-01 5 7.64 54.6 NA

Prefix
mean depth  
[cm b.s.l.]

calibrated age 
from [yrBP]

calibrated age to 
[yrBP]

calibrated mean 
[yrBP] uncertainty [yrBP]

TES22-MAR1-02 6 15772 16288 16061 89

TES22-LAG2-01 11.25 2289 2496 2410 41

TES22-TKL1-02 13 4532 4691 4600 29

TES22-TKL1-02 37.5 4058 4330 4240 28
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Table A.5: n-alkane concentrations [µg/gTOC] 

Prefix
mean depth  
[cm b.s.l.]

calibrated age 
from [yrBP]

calibrated age to 
[yrBP]

calibrated mean 
[yrBP] uncertainty [yrBP]

TES22-DLB1-01 21.5 NA NA recent 29

TES22-DLB1-01 193 543 653 645 34

TES22-LAG1-01 16 NA NA recent 32

TES22-LAG1-01 179 40465 43721 41962 1250

TES22-UPL1-02 22.5 NA NA recent 21

TES22-UPL1-02 195 9262 9672 9412 65

Prefix

mean 
depth 
[cm 

b.s.l.]

nC11 nC12 nC13 nC14 nC15 nC16 nC17 nC18 nC19 nC20 nC21 nC22 nC23 nC24 nC25 nC26 nC27 nC28 nC29 nC30 nC31 nC32 nC33
Total 

concen-
tration

TES22-MAR1-02 6.25 0 0 0 0.1 0 0.1 0.5 1 2.0 2.3 5.5 3.6 10.5 2.5 9.3 1.4 11.4 0.7 6.3 0 3.8 0 0.6 61.89

TES22-LAG2-01 5 0 0 0 0.0 0.3 1.3 3.7 3.8 10.2 10.5 36.0 27.5 83.5 19.1 65.2 13.2 93.3 7.6 50.5 2.9 31.4 1.0 5.9 466.83

TES22-LAG2-01 27 0 0 0.0 0.1 0.5 1.1 4.3 5.3 12.9 12.6 53.5 37.3 113 27.1 93.5 22.2 124 14.1 80.4 6.4 49.8 2.2 8.7 669.32

TES22-TKL1-02 6 0 0.0 0.0 0.0 0.3 0.8 2.5 3 6.9 6.2 25.8 15.9 61.8 12.5 55.9 9.3 88.3 5.8 48.4 2.0 37.5 1.9 7.7 392.55

TES22-TKL1-02 44.7 0.1 0.1 0.1 0.4 0.7 1.1 3.0 3.1 7.5 6.8 29.6 16.9 71.7 15.8 68.0 12.9 119 7.5 71.9 2.8 50.5 2.6 10.5 502.39

TES22-LAG1-01 8.75 0.1 0.1 0.0 0.4 0.7 2.1 3.7 5.4 8.8 8.4 30.8 18.4 66.8 14.7 52.5 8.7 62.6 4.6 40.3 2.1 33.0 1.5 7.2 372.8

TES22-LAG1-01 91 0 0.0 0 0 0.1 0.5 1.8 2.5 3.8 4 8.4 6.3 15.8 5.8 20.3 4.0 29.5 3.0 21.8 1.2 16.3 0.5 4.2 149.66

TES22-LAG1-01 174 0 0.1 0 0 0.1 0.5 2 3.7 6.4 6.6 13.9 10.4 28.9 9.7 26.9 5.7 37.9 4.2 29.5 1.9 21.8 1.1 5.4 216.62

TES22-UPL1-02 7 0.0 0.1 0.1 0.2 0.3 1.3 2.5 4.9 11.1 10.7 24.2 29.5 37.8 21.6 57.9 13.7 122 8.5 72.0 4.4 76.2 2.5 16.5 517.5

TES22-UPL1-02 56 0.0 0.0 0.0 0.2 0.2 0.5 1.3 1.6 3.9 3.0 13.1 11.1 27.5 13.0 50.5 11.6 78.5 10.5 70.5 6.1 99.8 6.7 37.3 447.25

TES22-UPL1-02 166 0.0 0.0 0 0.1 0.2 1.2 2.7 4.4 6.5 5.3 12.6 11.2 20.4 8.5 34.4 5.7 63.0 4.7 40.3 2.5 54.2 1.3 10.4 289.54

TES22-DLB1-01 6.75 0.0 0.0 0.0 0.0 0.1 0.1 2.1 0.4 0.8 0.9 9.6 3.8 22.2 4.6 43.8 4.6 51.2 4.0 21.9 1.2 11.5 0.7 1.5 185.09
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Table A.6: n-alkanol concentrations [µg/gTOC] 

Prefix

mean 
depth 
[cm 

b.s.l.]

nC11 nC12 nC13 nC14 nC15 nC16 nC17 nC18 nC19 nC20 nC21 nC22 nC23 nC24 nC25 nC26 nC27 nC28 nC29 nC30 nC31 nC32 nC33
Total 

concen-
tration

TES22-DLB1-01 65 0.0 0.0 0.0 0.2 0.3 0.5 1.0 1.4 2.7 2.1 8.1 7.9 21.4 4.3 29.4 4.2 63.4 3.7 45.2 1.6 28.5 0.9 5.0 231.89

TES22-DLB1-01 132 0.0 0.1 0.1 0.5 1.1 1.8 4.1 4.3 7.4 6.8 21.2 23.3 50.4 11.2 52.2 9.1 91.5 6.2 57.7 3.2 47.6 1.4 9.7 410.95

TES22-DLB1-01 208 0.1 0.1 0.1 0.8 1.4 2.2 5.5 6.4 16.1 11.6 62.4 43.0 136 34.1 135 24.0 195 19.5 181 11.2 162 7.4 35.7 1090.3

Prefix

mean 
depth  
[cm b.s.l.] C13-OH C14-OH C15-OH C16-OH C17-OH C18-OH C19-OH C20-OH C21-OH C22-OH C23-OH C24-OH C25-OH C26-OH C27-OH C28-OH C29-OH C30-OH

Total 
concen-
tration

TES22-MAR1-02 6.25 0.0 0.0 0.0 0.0 0.0 0.8 0.0 6.0 0.9 14.5 1.4 12.8 1.8 17.3 1.2 34.1 0.0 1.1 91.74

TES22-LAG2-01 5 0.0 0.0 0.0 0.1 0.0 0.3 0.0 8.6 2.1 21.1 3.6 25.2 5.2 35.6 7.0 175.5 2.9 26.8 313.95

TES22-LAG2-01 27 1.4 2.2 2.0 5.8 3,4 17.1 9.4 299.5 52.5 365.3 68.9 272.5 45.4 246.9 37.0 559.7 5.1 119.5 2113.6

TES22-TKL1-02 6 0.5 1.0 1.3 4.1 2,3 7.1 4.0 80.3 14.2 114.2 14.7 82.7 11.7 0.0 8.4 203.7 0,0 38.2 588.38

TES22-TKL1-02 44.75 0.7 1.4 1.6 4.2 2,6 7.8 5.0 118.5 20.1 204.6 32.4 188.6 26.1 186.5 23.9 425.7 10.0 86.5 1346.3

TES22-LAG1-01 8.75 0.0 0.5 0.6 3.8 1,3 11.4 4.2 148.5 16.4 145.3 18.1 107.6 14.8 107.0 12.1 295.7 5.5 51.1 943.81

TES22-LAG1-01 91 0.0 0.0 0.0 0.4 0.0 0.7 0.0 3.1 1.1 18.1 0.0 26.1 3.5 46.9 3.3 55.4 1.3 12.2 171.99

TES22-LAG1-01 173.5 0.0 0.0 0.0 0.2 0.0 0.2 0.0 0.5 0.0 4.8 1.1 10.4 1.9 22.2 3.1 45.2 0.0 12.2 101.78

TES22-UPL1-02 7 0.0 0.0 0.0 1.7 1,9 11.5 6.3 259.2 20.1 313.6 28.2 253.1 27.8 229.2 20.3 383.3 7.7 74.6 1638.6

TES22-UPL1-02 56 0.1 0.2 0.5 1.8 3,3 10.0 5.4 117.7 8.4 113.3 8.5 102.6 8.1 77.7 6.4 99.7 0.0 0.0 563.76

TES22-UPL1-02 165.5 0.0 0.5 0.0 2.9 2,3 16.4 2.0 340.3 5.3 146.4 0,0 77.9 7.0 106.9 3.6 95.2 0.0 20.3 827.00

TES22-DLB1-01 6.75 0.1 0.7 1.4 3.5 1,3 2.1 0.5 6.6 2.9 67.3 6.8 86.5 5.7 84.6 6.2 98.3 3.3 16.3 394.05

TES22-DLB1-01 65.25 0.0 0.2 0.0 0.6 0,4 5.3 1.9 117.3 4.9 77.0 6.9 83.4 8.2 85.3 11.9 300.9 0.0 58.1 762.27

TES22-DLB1-01 131.5 0.0 0.3 0.0 1.6 0,5 2.8 1.9 35.7 8.5 97.9 13.5 104.7 17.2 134.7 16.8 383.9 8.4 67.0 895.27

TES22-DLB1-01 208 0.6 1.9 1.7 11.5 2,8 18.8 6.9 273.0 40.3 360.6 67.7 364.0 58.7 374.5 49.8 640.9 21.9 201.3 2497.0

81      



Table A.7: n-alkane and n-alkanol indices  

Prefix
mean depth  
[cm b.s.l.]

ACL-short 
(C15-21)

ACL-long 
(C23-33) Paq Pwax

CPI-alk-
short 

(C15-21)

CPI-alk-
long  

(C23-33)
CPI-alc 
(C22-32) HPA

TES22-MAR1-02 6.25 19.94 26.2 0.66 0.52 1.57 7.85 16.68 0.75

TES22-LAG2-01 5 20.01 26.33 0.64 0.54 2.07 6.51 14.67 0.57

TES22-LAG2-01 27 20.11 26.47 0.61 0.55 2.33 5.67 8.83 0.81

TES22-TKL1-02 6 20.02 26.72 0.58 0.6 2.25 8.43 11.0 0.62

TES22-TKL1-02 44.75 19.98 26.89 0.53 0.63 2.31 8.43 10.7 0.77

TES22-LAG1-01 8.75 19.81 26.49 0.62 0.53 1.78 7.13 12.56 0.79

TES22-LAG1-01 91 19.61 27.15 0.49 0.65 1.4 6.74 18.52 0.66

TES22-LAG1-01 173.5 19.75 26.94 0.52 0.62 1.42 5.92 15.17 0.47

TES22-UPL1-02 7 19.8 27.55 0.39 0.74 1.54 6.98 13.05 0.76

TES22-UPL1-02 56 19.94 28.37 0.31 0.76 2.31 6.93 14.67 0.53

TES22-UPL1-02 165.5 19.49 27.8 0.37 0.74 1.43 9.16 34.97 0.64

TES22-DLB1-01 6.75 20.04 26.49 0.66 0.56 5.26 9.32 14.56 0.76

TES22-DLB1-01 65.25 19.74 27.41 0.41 0.73 1.94 12.31 20.94 0.77

TES22-DLB1-01 131.5 19.58 27.11 0.49 0.66 1.75 8.98 13.24 0.76

TES22-DLB1-01 208 20.01 27.4 0.44 0.66 2.66 7.88 8.89 0.72
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R-script A.1: Correlation Matrices 
#####################################

###  Correlation Matrix ##################

#####################################


## clear the environment 

rm(list = ls())


## required packages 

library("corrplot")

library("readxl")


# Load data 

cm_data <- read_excel(“/Data/path/correlation_matrix.xlsx“)


# Create Correlation Matrix

Correlationm <- cor(cm_data)


# Create Correlation Matrix with p-value ( > 0.05)

Correlationp <- cor.mtest(cm_data)


# start the plot

pdf(file = “Data/path/correlation_matrix.pdf“, 

    width = 20,

    height = 20)
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# Plot with numbers

corrplot(Correlationm, method = "number", p.mat=Correlationp$p, insig = "blank",

         tl.col = "black", tl.srt = 59, tl.cex = 3,

         number.cex = 2, label.srt = 50)


# add the second half of the plot (points)

corrplot(Correlationm, p.mat=Correlationp$p, insig = "blank", type = "upper", tl.pos = "n", tl.cex =1.5, add = TRUE)


# create the plot 

dev.off()


R-script A.2: Cluster Analysis  
#####################################

### K-means Cluster Analysis  ############

#####################################


## clear the environment 

rm(list = ls())


## required packages 

library("tidyverse")

library("cluster")

library("factoextra")

library("readxl")

library("broom")
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# load and prepare the data 

cluster <- read_excel(“/Data/path/Cluster_analysis.xlsx“)


#converting the "Tibble" to a dataframe

cluster <- as.data.frame(cluster)


# extracting first column

name_vector <- cluster[, 1]


# remove first column from the dataframe 

cluster <- cluster[, -1]


# rename the rows 

rownames(cluster) <- name_vector


## Scaling/ standardizing data

cluster <- scale(cluster)

head(cluster)


## compute the distance matrix 

distance <- get_dist(cluster)

fviz_dist(distance, gradient = list(low = "#00AFBB", mid = "white", high = "#FC4E07"))


## computing the k-means clustering (4 clusters)

k4 <- kmeans(cluster, centers = 4, nstart = 50)

str(k4)

k4
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#plot the results 

fviz_cluster(k4, data = cluster)


R-script A.3: Central Tendency Analysis  
########################################

### Central Tendency Analysis ###############

########################################


########################################

# Kruskal-Wallis-Test   (SDLAG, TKL, DLB, UPL) #


## required packages 

library("psych")

library("rstatix")

library("dplyr")

library("readxl")


## Load data 

kw_data <- read_excel(“/Data/path/kruskal-wallis.xlsx“)

### Information -> 4 groups: 1. SDLAG, 2. TKL, 3. DLB, 4. UPL


###TOC 

# descriptive statistic by group 

describeBy(kw_data$TOC,kw_data$Prefix)
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# Using Kruskal-Wallis-Test, TOC

kruskal.test(kw_data$TOC~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 13,973, df = 3, p-value = 0.002942


###TOCvol

# descriptive statistic by group 

describeBy(kw_data$TOCvol,kw_data$Prefix)


# Using Kruskal-Wallis-Test, TOCvol

kruskal.test(kw_data$TOCvol~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 6.6974 df = 3, p-value = 0.0822


###TN

# descriptive statistic by group 

describeBy(kw_data$TN,kw_data$Prefix)


#Using Kruskal-Wallis-Test, TN

kruskal.test(kw_data$TN~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 15,625, df = 3, p-value = 0.001353


###Mercury (hg)

# descriptive statistic by group 

describeBy(kw_data$hg,kw_data$Prefix)


# Using Kruskal-Wallis-Test, Hg

kruskal.test(kw_data$hg~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 13,768 df = 3, p-value = 0.003238
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###Delta13C

# descriptive statistic by group 

describeBy(kw_data$Delta,kw_data$Prefix)


# Using Kruskal-Wallis-Test, Delta13C

kruskal.test(kw_data$Delta~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 11,879 df = 3, p-value = 0,007808


### TOC/TN ratio

# descriptive statistic by group 

describeBy(kw_data$`C/N ratio`,kw_data$Prefix)


# Using Kruskal-Wallis-Test, TOC/TN ratio 

kruskal.test(kw_data$`C/N ratio`~kw_data$Prefix)

# results: Kruskal-Wallis chi-squared = 8.3055, df = 3, p-value = 0.0401


########################################

# Mann-Whitney-U test (each site) extract   #####


## required packages 

library("psych")

library("readxl")


## information: S= SDLAG; L= TKL; D= DLB; U= UPL


## Load data (two sites per excel sheet) 

data_SL <- read_excel(„/Data/path/SDLAG-TKL.xlsx“)
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data_SD <- read_excel("/Data/pathSDLAG-DLB.xlsx")

data_SU <- read_excel(„/Data/path/SDLAG-UPL.xlsx")

data_LD <- read_excel(„/Data/path/TKL-DLB.xlsx")

data_LU <- read_excel(„/Data/path/TKL-UPL.xlsx“)

data_DU <- read_excel(„/Data/path/DLB-UPL.xlsx")


###TOCvol 


## SDLAG <-> TKL

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_SL, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 0.01086

## effect size 

z_TOCvol_1 <- qnorm(0.01086/2)

z_TOCvol_1

# z = -2.547172

r_TOCvol_1 <- z_TOCvol_1/sqrt(49)

r_TOCvol_1

# r = 0.3638817


## SDLAG <-> DLB

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_SD, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 1
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## SDLAG <-> UPL

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_SU, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 1


## TKL <-> DLB

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_LD, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 0.008462

## effect size 

z_TOCvol <- qnorm(0.008462/2)

z_TOCvol

# z = -2.633058

r_TOCvol <- z_TOCvol/sqrt(49)

r_TOCvol

# r = -0.3761511


## TKL <-> UPL

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_LU, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 0.1791


## DLB <-> UPL

# calculate Mann-Whitney-U-Test

wilcox.test(TOCvol~Prefix, data = data_DU, exact = TRUE, correct = FALSE, conf.int = FALSE)

# p-value = 0.733
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#############################################

# Mann-Whitney-U test (frozen/unfrozen) extract  #####


## Load data 

fn_data <- read_excel(„/Data/path/frozen-unfrozen.xlsx“)


# information: group 0 = not frozen (water covered), group 1= frozen


###TOC 


## descriptive statistic by groups

describeBy(fn_data$TOC,fn_data$Prefix)

# group 0: mean = 4.76 wt%, median = 5.1  ; group 1: mean = 4.75 wt%, median 3.17


## calculate Mann-Whitney-U-Test

wilcox.test(TOC~Prefix, data = fn_data, exact = FALSE, correct = FALSE, conf.int = FALSE)

# p-value = 0.007946

## effect size 

z_TOC <- qnorm(0.007946/2)

z_TOC

# z = -2.654356

r_TOC <- z_TOC/sqrt(49)

r_TOC

# r = 0.3791937
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#############################################

# Mann-Whitney-U test (saline/ not saline) extract  ####


## Load data 

mw_data <- read_excel("/Users/friedaphilinegiest/Desktop/M_W_U_Test_sal_nsal.xlsx")


# information: group 0 = saline, group 1= not saline 


###TOC 


## descriptive statistic by groups

describeBy(mw_data$TOC,mw_data$Prefix)

# mean group 0 = 2.53 wt% ; group 1 = 6.04 wt%


## calculate Mann-Whitney-U-Test

wilcox.test(TOC~Prefix, data = mw_data, exact = FALSE, correct = FALSE, conf.int = FALSE)

# p-value = 0.005452

## effect size 

z_TOC <- qnorm(0.005452/2)

z_TOC

# z = -2.779039

r_TOC <- z_TOC/sqrt(49)

r_TOC

#  r= 0.3970056
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